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PREFACE 

The original version of this text was presented as part of a course taught at 
the session of the U. S: Particle Accelerator School held at Florida State 
University in January, 1993. Upon completion of the USPAS school, the 
notes were further refined and presented informally as a course at Fermilab 
in the Spring of 1993. Following this second presentation of the course, 
the materials were improved by taking into account the many suggestions of 
course participants. This third revision was prepared after the course was 
presented in depth at Fermilab in the autumn of 1994, at the U. S. Particle 
Accelerator School at Duke University in January 1995, and at the Health 
Physics Society Meeting in Boston in July 1995. This text represents a 
compilation of the work of many, many people and it is hoped that the 
reference citations leads the reader to those individuals who have developed 
this field of applied physics. The problems supplied with each chapter were 
developed with the goal of promoting better understanding of the text. 
Solutions to all of the problems are available by contacting the author. 
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Chapter 1 Composition of Accelerator Radiation Fields 

In this chapter, terminology, physical and radiological quantities, and units of measurement used 
to describe the properties of accelerator radiation fields are reviewed. The general considerations 
of primary radiation fields pertinent to accelerators are discussed. The primary radiation fields 
produced by electron beams are described qualitatively and quantitatively. In the same manner 
the primary radiation fields produced by proton and ion beams are described. 

I. Review of Units and Terminology and Physical Constants and Properties 

Radiological Units 

In this section common units and terminology used in accelerator radiation protection are 
described or defined. 

energy: The unit of energy in common use when dealing with energetic particles is the electron 
volt (eV) 1 eV= 1.602 X lo-l2 ergs or 1.602 X 10-19 Joule; multiples in common use at 
accelerators are the keV (103 eV), MeV (106 eV), GeV( 109 eV), and TeV (1012 eV) 

absorbed dose: The energy absorbed per unit mass of material. It is usually denoted by the 
symbol “D”. The customary unit of absorbed dose is the rad while the Systbme 
Internationale (SI) unit of absorbed dose is the Gray: 

1 rad = 100 ergs/gram = 6.24 X 1013 eV/gm 
1 Gray (Gy) = 1 J/kg = 100 rads = 6.24 X 1015 eV/gm. 

dose equivalent: This quantity has the same dimensions as absorbed dose. It is used to take into 
account the fact that different particle types have biological effects which are enhanced, 
per given absorbed dose, over those due to 200 keV photons (a “standard” reference 
particle). It is usually denoted by the symbol “H”. 

quality factor: This factor takes into account the relative enhancement in biological effects of 
various types of ionizing radiation. It is usually denoted by Q, and is used to obtain H 
from D through the following equation: 

H=QD. (1.1) 

Q is dependent on both particle type and energy and, thus, for any radiation field its value 
is an average over all components. It is specifically defined to be equal to unity for 200 
keV photons. Q ranges from unity for photons electrons, and high energy muons to a 
value as high as 20 for a-particles (4He nuclei) of a few MeV in energy. For neutrons. 
Q ranges from 2 to greater than 10, although recent guidance by the International Council 
on Radiation Protection (ICRP) and the U. S. National Council on Radiation Protection 
and Measurements (NCRP) recommends that Q be increased by a factor of 2 for 
neutrons. [Values have been proposed for photons and electrons that differ from unity!] 

Q is presently defined to be a function of linear energy transfer (LET), L, which, 
crudely, is equivalent to stopping power, or rate of energy loss for charged particles 
(conventionally, in units of keV/micron). ~ ionizing radiation ultimately manifests 
itself through charged particles so that LET is a “universal” parameterization of localized 
radiation damage.] 
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Chapter 1 Composition of Accelerator Radiation Fields 

Quality Factor Relationship Graphs Taken from (Sw79) 
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Fig. 1.1 Quality Factor, Q, of charged particles as a function of collision 
stopping power (LET,) in water as recommended bv ICRP 
[Reproduced from (Pa73) and (IC73)]. 
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Fig. 1.2 Quality factors of charged particles as a function of energy, as 
recommended by ICRP. [Reproduced from (Pa73) and (IC73)l. 
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Chapter 1 Composition of Accelerator Radiation Fields 
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Fig. 1.3 Effective quality factor, Q, for neutrons as a function of neutron 
kinetic energy: the maximum dose equivalent divided by the 
absorbed dose where the maximum dose equivalent occurs. The 
curve indicates values recommended by ICRP. [Reproduced from 
(Pa73) and (IC73j.l 

Most commonly, the “quality factor” actually used is an average over the spectrum of 
LET present: 

<Q> = j-a= Q(L)D(L)dL/[=- D(L)dL 
0 . (1.2) 

Thus, H (rem) = QD when D is in rads (customary) and H (Sievert (Sv)) = QD when D is 
in Gy (SI). Figures 1.1, 1.2, and 1.3 from (Sw79) give the relationship between Q and 
LET and also between Q and particle energy for a variety of particles. 

flux density-The number of particles that traverse a unit area in unit time, generally denoted by 
the symbol “$“, 

($25 
dAdt 

(1.3) 

where d2n is the differential number of particles traversing surface area element dA 
during time dt. For radiation fields where the constituent particles move in a multitude of 
directions, @ is determined from the number of transversals of a sphere of revolution of a 
small element of circular area dA. 
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Chapter 1 Composition of Accelerator Radiation Fields 

fluence, denoted by a,, is simply the integral over some time interval of the flux density, 

O= (1.4) 

The units of flux density are Lrn-2sl (customary) and m-2s-1 (SI) while the units of 
fluence are, of course, inverse area witholaf the units of inverse time. Beware! Other 
units of time such as hours, minutes, days, years, etc cmm2 and me2 are routinely used in 
the literature of radiation protection. 

fluence or flux density-to-dose (or dose equivalent) conversion factors - Such factors have 
been derived through complex calculations supported in a limited way by measurements. 
These calculations also include effects due to the finite thicknesses of the material of 
reference (usually “tissue”) and include secondary effects. Figures 1.4, 1 S, 1.6, and 1.7 
give some graphs of typical fluence or flux density to dose equivalent conversion factors. 
Figures 1.4, 1.5, and 1.7 are taken from (Pa73) while Fig. 1.6 is taken from (Sw79). 

For a radiation field containing a mixture of n different components (e.g., different 
particle types), one determines the dose equivalent, H, from: 

H = i f”“” Pi(E)Qi(EJdE 
i=l Emin 

(1.3 

where @i(E) is the fluence of particles of type i with energy between E and dE and Pi(E) 
is a parameter that converts fluence to dose equivalent. 

The cross section is an extremely important physical concept in describing particle interactions. 
The cross section represents the “size” of the atom or nucleus for some particular 
interaction. Consider a beam of particles of fluence @ (particleskm2) incident on a thin 
slab of absorber of thickness dx. The absorbing medium will contain N atomskm3. The 
number of incident particles which interact, do, will be given by: 

-da = aN@dx (1.6) 

where cr is the cross section in units of cm 2. But, N = ~NA/A, where p is the density 
(g/cmJ), NA is Avagadro’s number (6.02 X 1O23 mol-l) and A is the atomic weight. 
Cross sections are often given in units of barns where 1 barn = lo-24 cm2. If only one 
interaction is present with no other processes operative, this integrates, after some 
distance x (e.g., in cm), to: 

O(x) = aqO)e-NT (1.7) 
Thus, the linear absorption coefficient, CL, and its reciprocal, the attenuation length, h, 
are given by: 

p = No (cm-l) and h = l/No (cm). (1.8) 

Sometimes the mass attenuation length, h = p/Na (gkm2) is used where p is the density 
in gkm3. In the literature, the symbols are, unfortunately, often “confused” and one has 
to be careful to understand the particular definition of “?L” involved. 
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Chapter 1 Composition of Accelerator Radiation Fields , 

Flux Density to Dose Conversion Factors 
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Fig. 1.4 Conversion factors for flux density to dose-equivalent rate for electrons. 
LReproduced from (Pa73) and references cited therein.] 
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photons. [Reproduced from (Pa73) and references cited therein.] 
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Chapter 1 Composition of Accelerator Radiation Fields 

Flux Density to Dose Conversion Factors 
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Fig. 1.6 Conversion factors for neutrons as a function of incident neutron 
kinetic energy for unidirectional broad beam, normal incidence. 
The curves indicate the values recommended by ICRP. 
[Reproduced from (Sw79) and from (IC73). 1 
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Fig. 1.7 Conversion factors for flux density to dose-equivalent rate for 
protons as a function of incident proton kinetic energy (protons 
cmS2 s-l per mrem hr’) [Reproduced from (Pa73).] 
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Chapter 1 Composition of Accelerator Radiation Fields 

Phvsjcal Constants and Atomic and Nut es lear Properti 

Tables 1.1 and 1.2 give physical constants and atomic and nuclear properties taken from (PR92). 
A number of these constants and properties will be used throughout the rest of this text. and in 
the solutions of the problems. 

II. Summary of relativistic relationships 

The rest energy, Wo, of a particle of rest mass m, is given by, 

W. = moc2 
where c is the velocity of light. 

(1.9) 

The total energy in free space, W, is then given by 

W = mc2 = moc2( 1-p2)-li2, (1.10) 

where p = v/c and v is the velocity of the particle in a given frame of reference. 

The relativistic mass, m, of a particle moving at p is another name for the total energy and is 
given by 

mc2 = d+m,c2 = ymnc2 (1.11) 

The kinetic energy, E, is then; 

E=W-W,=(m-m,)c2 and (1.12) 

The momentum, p, of a particle is 

p = mv = mpc = (l/c)(W2 - Wo2)I/2 = &/m, 

(1.13) 

(1.14) 

so that at high energies, p = E/c = W/c. 

It is usually most convenient to work in a system of units where energy is in units of eV, MeV, 
etc., velocities are expressed in units of the speed of light (p), momenta are expressed as energy 
divided by c (e.g., MeV/c, etc.), and masses are expressed as energy divided by c2 (e.g., McVlci, 
etc.). 
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Chapter 1 Composition of Accelerator Radiation Fields 

Table 1.1 Physical Constants [Reproduced from (PR92)] 

il.&wed 1991 by 9.X. Taylor. Busd manly on the ‘1986 Adjustment of the Fundamental Phw Gnutar& b E.R Cohen and 
B.N. Taylor. Rev. Mod. Phys. 59, 1121 (1987). The figures in parentheses after the values gin the l-standard-deviation uncertainties in the last 

digits; the uncertainties m parta per million (ppm) are given m the Iti column. The uncertainties of the vduea from a leaat-squares adjustment 

are m general correlated. and the lam of error propagation mut be used m caiculatmg additmod quantities; the htll variance matrix in given in 

the cad paper. The set of consranU resulting horn the 1986 adJustment haa been recommended for inrernationd use by CODATA (Comrmtte 
OD Data for Snence and Technology). 

Since the 1986 adjustment. new experiments have yielded unproved values for a number of constants. including the Rydberg constant &, the 

Planck constant h, the fme-structure constant a. and the molar gsl constant R, and hence also for constants directly derived from these, such aa 

the Bo1tzmann constant k and Stefan-Boltzmann constant o. The new resulta and their impact on the 1986 recommended values are discussed 

extensively in ‘Recommended Values of the Fundamental Physicd Constants: A Status Report.” 9.X. Taylor and E.R. Cohen, J. Res Y&l. 
Inst. Stand. Technol. 95. 497 (1990). In generd, the new results give uncertainties for the d&ted constanta that are 5 to 7 times smaller than 

the 1986 uncertainties. but the changes m the vduea themselves are smaller than twce the 1986 uncertainties. Until there are more expenments 

and a complete readjustment of the constants, the 1986 CODATA set. gwen (in part) below. remains the set of choice. 

Quantity 

speed of light 

Planck constant 

Planck constant, reduced 

electron charge magnitude 

convetion CIxultatlt 

Symbol, equation 

c 

h 

h I h/2x 

e 

hc 

V.She Uncert. (ppm) 

299 792 458 m s-’ (exact,’ 

6 626 075 5(40)x lo-= J 9 060 

1054 572 66(63)x lo-” J s 0.60 

= 6.582 122 o(m) x 10-22 MeV s 030 

1.602 177 33(49)x10-*9 c = 4.803 206 8(15)x10-‘0 esu 0.30. 0 03 

197.327 053(59) MeV fm 030 
conversion constant (W 0.389 379 66(23) GeV’ mbarn 0 59 

electron m&m me 0.510 999 06jl5) MeV/2 = 9.109 389 7(54)x10-31 kg 0 30. U 59 

proton mam mp 938.272 31(28) MeV/? = 1.672 623 1(10)x10-” kg 0.30. 0.59 

= 1.007 276 470(12) u = 1836.152 701(37) m, 0.012. 0 020 
deuteron maa 

“‘d 1875 613 39(57) Mev/~? n 30 

onilied ebtomic me.m unit (u) (maaa Cl2 atom)/12 = (1 g)/NA 931.494 32(28) MeV/t? = 1.660 540 2(10)~10-~~ kg 0 30. 0 59 

permittivity of liw space 

2 co&IQ l/Z 

8.854 187 817 x10-” F m-’ exact I 
permeability of free space = 4r x lo-’ N A-a = 12.566 370 614 x10-l N A-2 exact, 

6ne StNctllre coMt.ult 0 = e’/4rc& 1/‘137.035 989 S(61)’ 0 04s 

classical electron radium FL = es,J41tam,fz 2.817 940 92(38)x 10-l’ m 0 13 

electron Compton wavelength & = h/m,c = r,a-’ 3 861 593 23(35)x lo-l3 m 2 ‘189 

Bohr radius (w,k, = 50) a, = 4rtl#/m.e= = Tea-2 0.529 177 249(24)x lo-‘0 m 0 045 
wavelength of 1 eV;c particle k/e 1.239 842 44(37)x10-6 m 0 30 

Rydberg energy hc& = m,e4/2(4r~)*h2 = m,201/2 13.605 698 l(40) ev II 30 

Thomson mm section q = 8*rf/3 0.665 246 16(1’3) barn 0 2: 

Bohr magneton tiB = eh/2m,. 5.788 382 63(52)x 10-l’ MeV T-’ 0 w9 

nuclear maglletan PN = =hPmp 3.152 451 66(28)~10-~’ Mev T-’ ‘I nag 

electron cyclotron freq./Beld w&,,‘S = e/me 1758 819 62(53)x 10” rad 8-l T-l 0 30 

proton cyclotron freq./field 9fn,,IB = =imp 9 578 830 9(29)x10’ rad 8-l T-’ n30 

gravitational constant GN 6.672 59(85)x 10-l’ m3 kg-’ s-’ 128 

= 6.707 11(@6)~10-~~ hc (Gev/+’ 128 

standard grav. accel., sea level g 9.8CM 65 m s-a pxact , 

Amgadm number NA 6 022 136 7(36)x1@ mol-’ II 59 

B&z- conetant k 1,380 65&1(12)x10-~ J K-’ 85 

= 8.617 385(73)x 1O-5 eV K-’ 8-l 

Wien displxement law constant b = A-T 2 897 756(24) x 1O-3 m K 84 

molar v&me, ideal gas at STP NAk(?%LlS K)/(l atmosphere) 22.414 1O(19)x1O-3 m3 moi-’ 81 

Stefan-Bo1tznw4n.n constant D = ~k’/Sh’~ 5.670 51(19)x lo-’ W m-’ K-’ 34 

Fermi coupling anutant 

-~=%3angb 
W* boeon maa 

~hoeonmz.ca 

CFiW 
sln2Bw [Gq 

mW 

m.7. 

1.166 39(2)x10-5 Gev-1 

0 2325~~0 OtXM 

80.22*0 26 GeV/Z 

91.173~0.020 GeV/c? 

17 

3141 

3211 

219 
strong coupling conasnt a.(mz) 0 1134*0.0035 3 1 x ?J’ 

* = 3.141 592 653 589 793 238 e = 2.718 281 828 459 045 235 7 = 0.577 215 66-i 901 532 661 

1 In IO.0254 m 1 barn 3 lo-= m2 1 ev = 1.602 177 33(49) x 10-l’ J Igaw.(G)=lO-‘w&(T) 

1 A I lo-lo m 1 dyne s 1O-5 newton (N) 1 eV/‘c’ = 1.782 662 70(54) x lo-” kg 0” C s 273.15 K 

1 fm I 10-15 m 1 erg s lo-’ joule (J) 2.997 924 58 x 10’ WI = 1 coulomb (C) 1 atmosphere f 760 torr 3 1.013 25 x lo5 4 III’ 

* The meta is now defined to be the leogzh of the path traveled by hght 1x1 1’299792458 second. See B.W. Petley. Nature 303, 373 ( iqe3 1 

‘At@= m:. At Q2 s WI& the value u apbey 1112% 

page l-8 



Chapter 1 Composition of Accelerator Radiation Fields 

Table 1.2 Atomic and Nuclear Properties of Materials [Reproduced from (PR92)] 

\laterial z .4 Nuclear a Nuclesr* Suclesr c Nuclear c Radiation lengtile Density f R&active 

total mehtic collision interactmn x0 !d4 mdex n J 
cross crwa length length ;g/cmy iCIU] 

section section Ar 
r MeV 

0 is for ga.9 () is !n-1)*106 

AI 
rr [barn! LT, ‘barn] :wd i/cm21 L 1 2 (j is for gas Ik/C 

g/cm 
for gas 

HZ 1 1.01 0.0387 0.033 43.3 50.8 4 12 61.28 865 0 0708(0.093) I 11211~0) 

D2 1 2.01 0 073 0061 45.7 54.7 2 07 122.6 757 0.162(0.177) 1 128 

He 2 4.00 0 133 0 102 49 9 65 1 1 94 94.32 755 0.12510.178) 1 024135) 
LI 3 6.94 0 211 0 157 54.6 73 4 1 58 82.76 155 0.534 - 

Be 4 9.01 

c 6 12.01 

32 7 14.01 

02 8 16.00 

Ye 10 20.18 

Al 13 26.98 

Si 14 28.09 

Ar 18 39.95 

Ti 22 47.88 

0.268 0 199 

0.231 

0 265 

0.292 

0.347 

0 421 

0.440 

0.566 

0.637 

55.8 75.2 1 61 65.19 35.3 1 848 

602 86.3 1 i8 42.70 18.8 2.265 g 

61 4 87 8 1 32 37 99 47.0 0.808(1.25) 1 20513OOi 

63.2 91.0 1.82 34.24 30.0 1 14(1.43) 1.221266) 

661 96.6 1.73 28 94 24.0 1.207(0.90) 1.092167) 
70.6 1064 1 62 24 01 89 2.iO - 

70.6 106.0 1 66 21.82 9.36 2 33 - 

76.4 117 2 1 51 19.55 14.0 UO(1.78) 1.233;283) 
i9.9 124 9 1 51 16.17 3.56 4.54 - 

Fe 26 55.85 1120 

CU 29 63.55 1 232 

Ge 32 72.59 I 365 

Sl3 50 118.69 1967 

Xe 54 131.29 2.120 

w 74 183.85 2.767 

Pt 78 195.08 2.861 

Pb 82 207.19 2.960 

U 92 238.03 3.378 

AX, 2oOC. I atm. (STP in paren.) 

Hz0 
Shielding concrete h 

SiO? fauartz) 

0.703 82.8 

0.782 . a56 

0.858 88.3 

1.21 loo.2 

1.24 102.8 

1.65 110.3 

1.708 1133 

1.77 116.2 

1.98 117.0 

62.0 

60.1 

67.4 

67.0 

H2 (bubble chamber 26’K) 43.3 

Dz (bubbie chamber 31°K) 45.7 

H-Ye mixture (50 mole percent), 65.0 

131.9 14.8 13 84 1.76 7.87 - 

134 9 144 12.96 1.43 8.96 - 

140 5 1 40 12.25 2.30 5.323 - 

i63 1 26 8 82 1.21 7.31 - 

169 1 24 848 2.77 3.057(5.89) l705j 
195 1 16 6.76 0.35 19.3 - 

189 7 I 15 654 0.305 21.45 - 

194 1 13 6.37 0.56 11.35 

199 109 6.00 ~0.32 z18.95 

90.0 1 82 36.66 (30420) 0.cw2o5(1.29) l.ixn27312931 

84.9 2.03 36.08 36.1 1.00 1 33 

999 l.iO 26.7 10.7 2.5 

99.2 1 72 27.05 12.3 2.64 1.458 

50.8 4.12 61.28 =ZlOOO =z 0.063’ l.lccl 

54.7 2 07 122.6 =soo =z 0.140’ 1110 

945 184 29.70 73.0 0.407 1092 

Ilford emulsion G5 82.0 134 1 44 11.0 2.89 3.815 - 

Sal . 94.8 152 1 32 9.49 2.59 3.67 1 7i5 
BflZ 92.1 146 1 35 9.91 2.05 4 89 1 56 

BGO (B&&3012) 97.4 156 1 27 7 98 1 12 7.1 2 15 

Polystyrene. scintillator (CH) k 58.4 s2.0 1 95 43.8 42.4 1.032 1581 

Luate. Plexiglas (C&Oz) 59.2 83.6 1 95 40.55 z34.4 1.1&1.20 = 1.49 

Polyethylene (CH2) 56.9 i8 8 209 44.8 z47.9 0.92495 

!Jlyh (C,H&) w.2 85.7 1.96 39.95 28.7 1.39 

Boroaikate glass (Pyrex) f 66.2 97 6 I 72 28 3 12.7 2.23 I.474 

co2 62.4 905 I a2 36.2 (18310) (1.977) f4lOi 

Ethane C,& 55.73 75 71 2.25 45.66 DEW 0.509(1.356)m (1 03aim 

Methane cli4 54.7 74.0 2 41 46.5 !MW 0.423(0.717) f4441 

Isobutane &HI,, 56.3 77 4 222 45 2 (16930) (2.67) i 12701 

NaF 66.78 97 57 1 69 29.87 11.68 2.558 1 336 

LiF 62.00 88 24 166 39.25 14.91 2.632 1 392 

Freon 12 iCClzF2) 26’C. gas, 1 atm. n 70.6 106 1 62 23.7 4810 (4 93) 1.001080 

Silica Aerogel o 65.5 35 7 1 33 29 85 =150 0.14.3 10~0 25~ 
SEMA Cl0 platep 62.6 902 1 a7 33.0 19.4 17 - 
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Chapter 1 Composition of Accelerator Radiation Fields 

For moderately relativistic particles, the mean rate of energy loss (stopping power) is given 
anroximately by (PR92): 

r ‘I 

2mecZjp2 
I 1 I . -p*-; , (1.15) 

where NA is Avogadro’s number, Z and A are the atomic number and weight of the material 
transversed, z is the atomic number of the projectile, me and re are the mass and “classical 
radius” of the electron and I is the ionization constant. 6 is a small correction factor which 
approaches 2 lny. Substituting constants, 

- g = (0.3071)z *ziln{ 2mecf’p2) - p’ !!I (MeV cm2g-1) (1.16) 

where I = 1620.9 eV for Z > 1 and has the value of approximately 20 eV for diatomic 
hydrogen). 

The decay length at a given velocity of a particle with a finite meanlife (at rest), t, can be 
obtained from the product of the speed of light and the meanlife, CT, which is often tabulated. 
The decay length is given by y@c, where relativistic time dilation is taken into account. This, 
length is to be distinguised from that called the decay path. The latter represents a distance in 
space in which a given particle is allowed to decay with no or minimal competition from other 
effects exemplified by scattering or absorption. 
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Chapter 1 Composition of Accelerator Radiation Fields 

III. Primary Radiation Fields at Accelerators-General Considerations 

The particle yield is a crucial parameter. It is typically a function of both angle and particle 
energy and is defined according to Fig. 1.8. Such particle yields are reported in terms of 
particle type, energy, fluence, and angular distributions. Scattered reaction products are found at 
a hypothetical “detector” or located at radius, r, and polar angle, 8, relative to the direction of 
the incident particle along the positive Z-axis. 

DETECTOR 

Fig. 1.8 Conceptual interaction of incident beam with material which produces 
radiation at tbe location of a hypothetical detector located at polar 
coordinates (r, 0). 
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Chapter 1 Composition of Accelerator Radiation Fields 

The rate of production of the desired reaction products and their energy spectra is, in general, a 
strong function of both 9 and the incident particle energy Q. 

With a single exception, there is no dependence on the azimuthal angle, a, in this spherical 
coordinate scheme. l with coordinates (r&a) a is used, unconventionally, as the azimuthal 
angle to avoid confusion with Q, the flux density.] 

In principle, calculations of the particle yield could be taken directly from differential cross 
sections for given incident particle energy E (E usually denotes kinetic energy), 

where a(!& E) is the cross section as a function of energy and R is the solid angle into which the 
secondary particles are produced. (The angular dependence is only on 8 and not also on a due to 
the lack of azimuthal dependence.) 

In general calculations of the radiation field which directly use the cross sections are not practical 
because targets hit by beam are not really thin (i.e., one cannot ignore energy loss or secondary 
interactions in the target) and there is incomplete knowledge of cross sections at all energies so 
one cannot integrate over 8 and E to get the total yield. 

For many applications, the details of the angular distributions of total secondary particle yield, 
dY(B)/dQ, and the angular dependence of the emitted particle energy spectrum, 
d2Y(B,E)/dEdQ of the emitted particle spectra are very important. 

Often, the particle fluence is needed at a particular location at coordinates (r&I) from a known 
point source of beam loss while the angular distributions of dY/dQ are generally expressed in 
units of particles/(steradian . incident particle). 

To obtain the total fluence Q(e) [e.g., “particles”/(cm2incident particle)], or differential fluence 
d@(E,B)/dE [e.g., “particles”/(cm2.MeV.incident particle)] at a given distance r (cm) at a 
specified angle 8, one must simply multiply the plotted values by r -* (cm2): 

1 dY(8) 
aye) = -- 

,2 df2 
and dW%e) = ~d2W,E) 

dE r* dEdR e 
(1.17) 

‘The single exception is the case in which the spins of the target nuclei and/or the incident 
particle are oriented along some chosen direction in a ‘polarization’ experiment. 
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Chapter 1 Composition of Accelerator Radiation Fields 

Iv. Radiation Production by Electron Accelerators (Most of this material is adapted 
from (Sw79) , the work of the late William P. Swanson of SLAC and LBL) 

At all energies photons produced by bremsstrahlung dominate the radiation field aside from the 
hazard of the direct beam. As the energy increases, neutrons become a significant problem. 
For E. > 100 MeV, the electromagnetic cascade must be considered (see Chapter 2) 

An interesting rule of thumb is that electrons have a finite range in material proportional to the 
initial kinetic energy of the electron: 

For 2 < Eo c 10 MeV, R = 0.6Eo g cm -2. (In air, R = 5 & meters with E. in MeV). (1.18) 

Above approximately 10 MeV, radiative losses begin to dominate. 

Direct Beam 

Swanson (Sw79) has given what he exnressed as an annroximate, “conservative” rule of thumb 
for the energy domainlof 1-c Eo < 100 beV: a L 

z = 1.6 X lo4 Q where z is the dose equivalent rate (rem h-1 and 41 is 

the flux density (electrons cme2 s-l) (1.19) 

Others have calculated the conversion factor as a function of energy as in Fig. 1.9 taken from ,- --. - _ -. 
(~~75)). (The results in Fig. 1.9 should be regarded as more recent improvements to the results 
of Fig. 1.4.) 

T 
58 0 Alsmilkr 8 Moran (1968) 

(1969) 

1 
zi 0 1 ' "lltll' ' ' '11111' ' ' ' 11111' ' ' ' fill,,1 ' ' fi111111 1 11lu.J 
uo 10-l IO0 IO' IO2 IO3 IO4 IO’ 

ELECTRON ENERGY (WV) 

Fig. 1.9 Conversion factor as a function of incident energy I$, for a unidirectional 
broad beam of monoenergetic electrons at normaI incidence. Tbe curve 
indicates values represented by the ICRP. [Reproduced from (Sw79). See 
(Sw79) for references indicated on figure.] 
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Chapter 1 Composition of Accelerator Radiation Fields 

Bremsstrahlung 

Bremsstrahlung is the radiative energy loss of electrons as they interact with materials. It 
appears in the form of photons. An important parameter when considering radiative energy loss 
of electrons in matter is the critical energy, Ec. Ec is that energy above which the energy loss 
due to radiation exceeds that due to ionization for electrons. The value Ec is a smooth function 
of atomic number; 

Ec = 8OO/(Z + 1.2) (MeV), (1.20) 

where Z is the atomic number of the material. 

The transition from ionization to radiation is also a smooth one. The stopping power for 
electrons may be written as the sum of collisional and radiative components (Pa73): 

(1.21) 

A parameter of significant importance for electrons is the radiation length, Xo, which (PR92 ) is 
the mean thickness of material over which a high energy electron loses all but l/e of its energy 
by bremsstrahlung and is the approximate scale length for describing high-energy 
electromagnetic cascades. This parameter also plays a role in the “scaling” of multiple 
scattering for all charged particles. This parameter is approximated by: 

7 16.4 g cm-*A 

X0 = Z(Z + l)ln(287 /a) 

where Z and A are the atomic number and weight of the material medium. 

It turns out for high energy electrons that: 
rad 

= - +, 
0 

so that under these conditions (where ionization can be neglected) 

E(x) = Es-* 

(1.22) 

(1.23) 

(1.24) 

where the energy of the incident particle is &. 

Figure 1.10 taken from (SW79) gives the percentage of Ed which appears as radiation for v~lric~us 
materials as a function of energy. External bremsstrahlung develops as a function of target 
thickness and is described by a “transition” curve. As the thickness increases, the radiation 
increases until reabsorption begins to take effect. Then, self-shielding begins to take over. One 
talks about the maximum as a “thick-target” bremsstrahlung spectrum. This can be used as a 
basis for conservative assumptions related to quantities of radiological concern. Figure 1.1 I 
from (Sw79) shows the behavior for a high-Z target. This type of behavior has been developed 
into three “rules of thumb” by Swanson in (Sw79). 
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Chapter 1 Composition of Accelerator Radiation Fields 

These “Rules of Thumb” parameterize this behavior for the absorbed dose rates, fi , at 1 meter 
and normalized to one kW of incident beam power: 

Rule of Thumb 1: 

b = [(Gy=h-‘lkW*m-*)-‘I = 20 Ed2 at8=00,E,< 15MeV. (1.25) 

Rule of Thumb 2: 

0 = [(Gyah-‘XkW*m-*)-‘I = 300 Ec at 0 = 00, Ec > 15 MeV. (1.26) 

Rule of Thumb 3: 

0 = [(Gyeh-‘lkW*m-*)-‘I = 50 at 0 = 900, E0 > 100 MeV. (1.27) 

One can scale to other distances by using the “inverse square” law. It should be noted that one 
can get higher dose rates at 900 in certain circumstances due to softer radiation components. The 
forward intensity is a slowly varying function of target material except at very low Z. The 
angular width, 8 l/2, of the forward lobe (half-intensity) is approximately given by the relation: 

Eot31/2 = 100 (MeV degrees). (1.28) 

This is displayed graphically in Fig. 1.12 taken from (Sw79). 

ANGULAR DISTRIBUTION 
OF THICK-TARGET 

BREMSSTRAHLUNG 

‘R”““““““““‘$ 

If 

i 

z 

- 0.1 
W 

- 

> 

5 

: 

IO MeV 

0 200 400 1000 1500 2000 

Eo8 !MeV.deqrees) 

Fig. 1.12 Angular distribution of bremssuahlung intensity from high-Z targets 
(relative units), plotted as a function of the variable E&O. [Reproduced from 
(Sw79j.l 
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Figure 1.13 taken from Ref. 4 shows bremsstrahlung spectra at 8 = 00 for electrons incident on a 
high-2 material of intermediate thickness at a variety of energies. 

<‘> 
5” 
’ 10-2 
g 
E 

-2 

I I I I I I I I 

2 4 6 8 IO 12 14 16 18 20 22 
PHOTON ENERGY (MeV) 

Fig. 1.13 Bremsstrahlung spectra measured at 8 = 00 from intermediate-thickness (0.2 
&) targets of high-Z material. The data points are measurements. 
[Reproduced from (Sw79).] 
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Chapter 1 Composition of Accelerator Radiation Fields 

Figure 1.14 from (Sw79) shows typical spectra for 30 and 60 MeV electrons at various angles. 
Note the prominence of the 0.5 11 MeV peak which corresponds to positron annihilations each of 
which produce &Q photons of that energy. 

IO 

I 

10-l 

10-2 

10-3 

f lo-4 

z 
2 
; to-5 

2 i 

W 
E. = 30 MeV 

2 = 2ro 

s 
it 0 ‘0 IO 
c a 

W I 
v 
z 
2 lo-’ 
i2 

10-2 

10-3 

lO-4 
. 

10-5 

10-6 
0.1 

PHOTON ENERGY (MeV) 

W 
E. = 60 MeV \ 
z = 2r, 

I IO 

PHOTON ENERGY (MeV) 

At higher energies (E, > approximately 100 MeV), the electromagnetic cascade development in 
accelerator components is very important and can result in a forward “spike” of photons with a 
characteristic angle of 8c = 29.286 (degrees, if E, is in MeV). This phenomena could be 
important at electron storage rings and colliders. 
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Chapter 1 Composition of Accelerator Radiation Fields 

. . 
Synchrotron mbtlw 

Reference (Sw90) presents a summary discussion of this important phenomenon. The movement 
of electrons in a circular orbit results in their centripetal acceleration. This gives rise to emission 
of photons and has been treated in much more detail and completeness by others. 

At nonrelativistic energies, this radiation is largely isotropic. However, at relativistic energies, 
the photons emerge in a tight bundle along a tangent to any point on a circular orbit. Figure 1.15 
taken from (Sw90) shows this bundle: 

------,, 

--4- 

--*--- 

8<<1 l/Y - 

Fig. 1.15 Synchrotron radiation angular distribution for slow and relativistic particles 
showing direction of polarization. Beproduced from (Sw83).] 

The characteristic angle (i.e., the angle of l/e of the zero degree intensity) of this “lobe” is 

8, = + = +fm radians. (1.29) 

The median energy of the power spectrum, EC, is given in terms of the m energy, W (GeV) 
[ymoc2], and bending radius, p (meters) by (Sw90): 

E, = 2.218W3/p (keV). [For protons, multiply by (me/mp)3.] (1.30) 

From (Sw90), the radiated power, P (watts) for a circulating electron current, I (milliamperes) is 

P = 88.46 W‘?/p . [For protons, multiply by (me/mp)4.] (1.31) 

Figs. 1.16 and 1.17 taken from (Sw90) (and citations therein) give the universal radiation 
spectrum and calculations for high energies. These calculations were done in the course of the 
development of the LEP (Large Electron Positron) collider at CERN. 
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10-L 10-L 10-l 10-l 

Photon Photon Energy Energy (t/c,) (t/c,) 

Fig. 1.16 Universal synchrotron radiation spxtrnm. The 
dimensionless quantity G2 gives the re1ar.k power as a 
function of photon energy in units of characteristic 
energy, Ed. lRepmduced from (Sw83j.l 
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Fig. 1.17 Rimzuy synchrotron radiation specbum at three high 
energies. [Reproduced from (Sw83).] 
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Chapter 1 Composition of Accelerator Radiation Fields 

Several basic physical mechanisms have been described in (Sw79). The dominant one at 
electron machines, especially for kinetic energies Eo < 150 MeV is that of photonuclear 
reactions; that is reactions in which a photon absorbed by a nucleus creates an excited nuclear 
state which subsequently decays be emitting a neutron. [A (y, n) nuclear reaction as written in 
the scheme of notation in which the first symbol in the parentheses represents the incoming 
particle in a reaction while the second represents the outgoing particle.] 

The total neutron yields and neutron energy spectra are typified by Figs. 1.18 and 1.19 taken 
from (Sw79). Note that saturation (normalized to beam power!) tends to occur at E. = 100 

MeV. (Sw79) and (Sc90) contain more details about such scaling. 

Because of the nature of the (y,n) reaction, these neutron fields are nearly isotropic and the 
inverse square law may be used to estimate the flux density at any given distance, r. There is 
actually a slight enhancement at 0 = 900 of about a factor of 1.5. The production of these 
neutrons chiefly is influenced by giant resonances in the target nuclei. These resonances are 
nuclear excited states having very broad widths in energy. These states are excited by the 
photons and some finite time later decay by emitting neutrons. The yields of neutrons are 
approximately proportional to the beam power loss (and hence independent of energy) at high 
energies and isotropically distributed. Photoneutron energy spectra, dN/dE, fall rapidly as a 
function of neutron energy, typically as 

- = ET where, approximately, 1.7 < 01< 3.6. ddENn (1.32) 

The slope becomes steeper as E,, the kinetic energy of the incident electron, is approached. 

Table 1.3 taken from (S&O) displays the following table of values for yields of giant resonance 
neutrons per watt of beam power (s-‘W-1). the yield per GeV per sr (Yn GeV-1 srl) [measured 
and calculated], and a recommended dose equivalent source term (Sv cm2 GeV-I). The last 
column would be used in the following equation: 

(1.33) 

where H is the dose equivalent in Sieverts, r is the radial distance from the target in cm, I$, is in 
GeV, and I is the total bearn particles incident (e.g., in some time interval). 

For Ec > 150 MeV other, more complicated mechanisms come into play such as the quasi- 
deuteron effect (important in 30 < b < 300 MeV) and photopion reactions (& > 300 MeV). 
The quasi-deuteron effect is so-named because for Eu > 30 MeV the photon wavelength is in 
resonance with the average inter-nucleon distance so that the photon interactions tend to occur 
with “pairs” of nucleons. Only neutron-proton pairs have a nonzero electric dipole moment. 
which makes interactions of photons with such pairs (pseudo-deuterons) favorable. 
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Fig. 1.18 Neutron yields from infinitely thick targets per kW of electron beam power 
as a function of electron beam energy E& disregarding target self-shielding. 
[Reproduced ftom (SW79J.l 
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Fig. 1.19 Photoneutron spectra produced at 9 = 900 by electrons of energy E, = 150, 
170, 182, 202,235, and 266 MeV, incident on a thick lead target (4.3 X,). 
The solid lines are predictions of- a quasi-deuteron model. [Reproduced 
from (Sw79). See references cited therein.] 

page 1-23 



Chapter 1 Composition of Accelerator Radiation Fields 

Table 1.3 Yields and source terms of giant resonance neutrons in an 
optimum target geometry. [Reproduced from (Sc90) as adapted from 
references cited therein.] 

Material Calculations [Swa79b] Measurements of neutrons Recommended source 

Total neutron Yield per GeV, Yield per GeV, 
terms l ) S, 

production 

s-l w-1 

steradian and 
electron Y, 
GeV-’ sr-’ Sv cm’ GeV-’ 

4.40E8 
6.20E8 ’ 
8.18E8 
7.36E8 
1.18E9 

5.6lE-3 
7.90E-3 
l.O4E-2 
9.38E-3 
1.50E-2 

1.68E9 
1.94E9 
2.08 E 9 
2.36E9 
2.02E9 
2.14E9 

2.14E-2 
2.47 E - 2 
2.65E-2 
3.0lE-2 
2.58 E - 2 
2.73E-2 

3.48 E 9 4.44E-2 

steradian and 
electron Y. 
GeV-‘sr-l 

1.4E-2 [Bat 67b] 

2.4 E - 2 [Bat 67 b] 
1.5E-2 [Des681 
2.7-3.6 E - 2 [Ste 831 

2.7 E - 2 [Han 751 

3.3E-2 [Bat67b] 
2.9 E - 2 [Ah 733 

4.3E- 12 
6.0E- 12**) 
7.7E- 12 
6.9E- 12 
l.lE-11 

1.5E-11 
1.8E-11 
1.8E- 11 
2.0E- 11 
1.8E- 11 
1.9E- 11 

3.0E-11 

C 
Al 
Fe 
Ni 
cu 

Ais 
Ba 
Ta 
W 

Au 
Pb 

U 

[Swa 79 b] All calculations at electron energies of 500 MeV or 1 GeV. 
[Bat 67b] Measurements at 6.3 GeV with indium in a moderator. In the case of copper the source term for neutrons 

up to 25 MeVis 2.8E-2GeV-‘sr-‘. 
[Des 681 Measurement at 7GeV with indium in a moderator. 
[Han 751 Electrons on tantalum and lead targets at 100 MeV. 
[Ah 731 Calculation at 400 MeV. 
[Ste 831 Long-counter measurements: 2.7 E - 2 at 50 GeV, 3.2 E - 2 at 80 GeV and 3.6E - 2 at 100 GeV. 

l ) In order to obtain source terms in Sv cm2 h- ’ kW - ’ the values have to bc multiplied by 2.25 E 16. 
l *) The value for aluminium IS recommended also for concrete. 
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Interactions in which the production of other elementary particles, perhaps best typified by pions, 
becomes energetically possible at still higher energies. These pions can then produce neutrons 
through secondary interactions as will be discussed in Chapter 3. The literature has very little on 
the yield values for such particles tailored to the needs of radiation dosimetry. H. DeStaebler of 
SLAC (De65) has parameterized the yield of high energy particles per GeV, steradian, and 
electron (taking experimental results into account): 

Y,= 
7.5 x 1o-4 

(1 - 0.75 cos @2Ao.4 
(1.34) 

where A is the atomic mass (g/mol) of the target material. It is reasonable to use a dose 
equivalent conversion factor of = 1 X lo-l3 Sv m2 for these neutrons. 

Muons 

With electron beams, muons become significant above an electron energy of approximately 211 
MeV (the “di-muon” rest mass) by the pair production process in which a I.P, p- pair results. 
They can, at much smaller fluxes, be produced by the decay of & and Kk which are, in turn, due 
to secondary production processes. Such decay muons will be discussed in more detail later. 
[The muon rest energy is 105.7 MeV, its meanlife T = 2.19 X lo6 s and ct = 658.6 m.] These 
particles are highly forward peaked. Figures 1.20 and 1.212 taken from (Sw79) give the muon 
flux densities as a function of energy and at various energies and angles as well as the peak flux 
density at 8 = 00. The reasonableness of scaling with energy to larger values of E. is well- 
demonstrated. 

The flux density to dose equivalent conversion factor has been found by Stevenson [(St73), 
quoted in (Sw90)] to be 40 fSv m* (25000 muons cmw2 per mrem) for 100 MeV < E, < 200 
GeV. [At lower energies range-out of muons in t$ body with consequential higher energy 
deposition gives a conversion factor of 260 fSv m (3850 muons cm-* per mrem)] . 

A detailed theoretical treatment of muon production by incident electrons from a dosimetric 
perspective is given in (Ne68) and (Ne74). 

Muons have very long mean ranges as shown in Fig. 1.22 taken from (Sw90). At high energies 
(> 100 GeV), range straggling becomes severe (Va87). Also, above a critical energy for muons 
of several hundred GeV (in, say, iron), radiative losses begin to dominate such that: 

-g=a(E)+b(E)E (1.35) 

where a(E) is the collisional dE/dx and E is in GeV. Obviously, the range-energy relation of 
muons and considerations related to their energy loss mechanisms is relevant to shielding against 
muons regardless of the origin of the muons. The results presented here will thus be relevant to 
further discussion in this chapter and in Chapter 3. 

2The handwritten factor of 1 X lo5 is applied to the left-hand axis of Fig. 1.21 to correct a 
longstanding error that has been propagated through several publications. This correction was 
verified by a private communication between the author and W. R. Nelson. 
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For this equation, a(E) = 0.002 GeV/gm cm-2 and b(E) is the radiative coefficient for E in GeV in 
Fig. 1.23 taken from (Sw90). The total dEJdx is also given in Fig. 1.24 taken from (PR92). The 
mean range is approximated by 

x, = (l/b)ln(a + bEo). 

where E. is the kinetic energy of the muon, not the incident electron. 

(1.36) 
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Fig. 1.20 Integral muon flux density at 1 meter per unit electron beam power, versus 
fractional muon energy, IYE&, for electron energies E, incident on a thick 
iron target. These data are normalized to 1 kW beam power, 1 meter from 
the target. [Reproduced from (Sw79), adapted from (Ne68).] 
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Muon range straggling (Va87) is chiefly due to the fact that, above 100 GeV, electron-positron 
pair production, bremsstrahlung, and deep inelastic nuclear reactions become the dominant 
energy loss mechanisms. The cross sections for the latter two mechanisms are such that only a 
few interactions can be expected. Although these processes have low probability, when they do 
occur they involve u energy losses and thus have quite significant effects. 

Tables 1.4 and 1.5 below give fractional energy loss and comparisons of muon ranges at high 
energies, as taken from (S&O) and derived from (Va87).The results of (Va87) illustrated in Fig. 
1.25 taken from (Sc90) show this phenonema for muons incident on a soil shield having a 
density of 2.24 g cm -3. At the higher energies the effect is very important since shielding 
calculations based upon using the mean range values can lead to significant underestimates of the 
number of muons which can penetrate the shield. 
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Table 1.4 Fractional enegy loss of muons [(Sc90) adapted from (Va87)] in 
soil (p = 2.0 g cm-B). The fractions of the total energy loss due to the 
four dominant energy loss mechanisms are given. 

E 
GeV 

Ionization Brems- Pair 
strahlung production 

Deep inelastic nuclear 
interactions 

10 0.972 . 0.037 8.8E -04 9.7E -04 
loo 0.888 0.086 0.020 0.0093 

1000 0.580 0.193 0.168 0.055 
10000 0.167 0.335 0.388 0.110 

Table 1.5 Comparison of muon ranges (meters) in heavy soil (p = 2.24 g 
cm3) [(S&O) adapted from (Va87)] 

Energy 

10 GeV 
30 GeV 

100 GeV 
300 GeV 

1 TeV 
3 TeV 

10 TeV 
20 TeV 

Calculations of Van Ginneken van 87-J Mean Ranges calculated from d E/d x 

Mean standard All Coulomb Coulomb plus pair 
Range deviation processes losses only production losses 

22.8 1.6 21.4 21.5 21.5 
63.0 5.6 60.3 61.1 60.8 

188 23 183 193 188 
481 78 474 558 574 

1140 250 1140 1790 1390 
1970 550 2060 5170 2930 
3080 890 3240 16700 5340 
3730 1070 
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Summav 

In (Sw79), Swanson provided the content of Fig. 1.26 which illustrates the broad features of the 
radiation field due to the interactions of electrons with no shielding. This figure is useful for 
making crude estimates of the resultant radiation field. As one can see, at all angles, from the 
standpoint of dose equivalent, the unshielded field is always dominated by photons. At small 
angles, the field is dominated by photons with muons as the next most important ingredient at 
TeV energies. 
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Fig. 1.26 Dose-equivalent rates per unit primary beam power, produced by various 
types of “secondary” radiations from a high-Z target as a function of 
primary beam energy, if no shielding were present (qualitative). The width 
of the bands suggests the degree of variation found, depending on such 
factors as target material and thickness. [Reproduced from (Sw79).] 
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V. Radiation Production by Proton Accelerators (Much ofrhe material in this section is 
taken from (NC96) and the work referenced therein.) 

e Direct Ba 

Direct beams at proton accelerators, from the dosimetric standpoint, nearly always dominate over 
any type of secondary phenomena since the beam current is generally concentrated into small 
dimensions. Figure 1.7 gives the fluence to dose equivalent conversion factor as a function of 
proton energy. The physical reason that the conversation factor shows such a prominent 
transition at about 200 MeV is that below that energy the proton range is less than the thickness 
of the human body. Hence as the energy is increased above 200 MeV, the energy largely 
escapes from the body so that it requires a far larger fluence of protons to deliver the same dose 
equivalent. 

As the energy of a proton beam increases, the range of the protons increases to where the 
probability of the proton interacting before it has lost all of its energy due to ionization in a target 
gradually becomes significant. Klaus Tesch of HERA/DESY has illustrated this point in Fig. 
1.27 taken from (Te85) for various materials and energies. 

Range (cm) 1 Probability (O/O) 

100 10’ 

10 102 

To 
fig. 1.2, &..-a ..F ..-~c\w.E lriohr hwwl UTIIP~ 

. . . . 
ill&+ “I p”w,m \‘.5”L &.‘..I” .-.r, 

ana prooamlity of inelastic nuclsar 
interaction within the range (left hand <de) 
[Reproduced from (TeW), adapted from 
references cited therein.] 
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Neutrons (and other hadrons at high enerEi& 

E, < IOMeV: 

For nuclear reactions, the Q-value, Qv, is defined in terms of the masses, mi. 

Q, = [(ml + m2> - (q + mJlc2 

for nuclear reaction ml + m2 -> m3 + mq. 
m2(ml,m3)mq.] 

[In general such reactions are denoted 
Q, > 0 implies an exothermic nuclear reaction. Endothermic (Qv s 0) 

reactions are characterized by a threshold energy, Eth, given by: 

Fig. 1.28 
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Total neutron yield pr proton for different target materials. [Reproduced 
from (TeB).] 

(1.38) 
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Below 10 MeV, (p,n) reactions are important for some materials because these reactions 
commonly have very low thresholds ( < 5 MeV) . Many features are highly dependent upon the 
details of the structure of the target nuclei and are often highly dependent upon the target 
element, angle, and energy. For example, 7Li(p,n)7Be has a threshold of 1.9 MeV and the total 
cross section, 6, quickly rises to a value of 300 mb. 

For protons having kinetic energies, E,, ranging from approximately 10 MeV up to the very 
highest energies, neutrons are usually the dominant feature of the radiation field that results from 
their interactions. At these energies, the yields are smoother functions of energy due to the lack 
of resonances, but are also more forward-peaked. Tesch (Te85) has summarized the total yields 
per incident proton for different materials as a function of energy in Fig. 1.28 taken from (Te85). 
In this figure these curves agree with the original primary data to within about a factor of two. 
An important feature is that for 50 < E0 < 500 MeV, Y = E,2 while for E, > 1 GeV, Y DC EO. 

10 -c E. c 200 MeV 

In this region there are extensive angular distribution data as a result of nuclear physics research. 
The general features is that the distributions are forward-peaked. Representative examples are 
given in Figs. 1.29 and 1.30 taken from Nakamura (Na78) for 52 MeV protons and from 
Alsmiller (A175) and Hagan (Ha88) for 200 MeV protons, respectively. The fluence above a 5 
MeV threshold is plotted in Fig. 1.29 while yields are plotted in Fig. 1.30. 
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Fig. 1.29 Angular distributions of total neutron yield above 5 MeV for carbon, iron, 
copper, and lead bombarded by 52 MeV protons [Reproduced from 
(NaWl 
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200 MeV < E0 < 1 GeV ; (“intermediate” energy): 

In this region, many more reaction channels become open and the number of protons emitted 
gradually becomes approximately equal to the number of neutrons. In fact, at the highest 
energies for such unshielded conditions, the radiation effects of protons and neutrons are 
essentially identical and b& must be taken into account. Thus reliance on the Tesch yield 
curve in Fig. 1.28 could &eresw radiation effects by as much as a factor of two. 

Eo > 1 GeV (“high” energy region): 

In this region, both the calculations and measurements become much more difficult. Often, 
“threshold” detectors are used to detect neutrons above some reaction threshold energy. Figures 
1.31 (Gi68), 1.32 (Gi68), 1.33 (Ra72), and 1.34 (St85) show representative data at 14,26,22, 
and 225 GeV, respectively. In Figs. 1.31 and 1.32, the parameter g(8) is the integral of 
d*Y/dZTdE above such a designated threshold energy. These should be regarded as thin target 
values. “Thin” target in this context means a target shorter than the removal mean free path for 
high energy protons. Table 1.6 summarizes common removal mean free paths. 

Table 1.6 Summary of removal mean free paths for protons 

MATERIAL 

hydrogen gas 
beryllium 
carbon 
aluminum 
iron 
copper 
lead 
uranium 
air 
water 
concrete(typical) 
silicon dioxide 
(waW 
plastics 
(polyethylene) 

DENSITY 

(gramdcm3) 

9.00 x 10-S 43.3 4.81 X 105 
1.85 55.5 30.03 
2.27 60.2 26.58 
2.70 70.6 26.15 
7.87 82.8 10.52 
8.96 85.6 9.55 

11.35 116.2 10.24 
18.95 117.0 6.17 

1.29 x 10-3 62.0 4.81 X lo4 
1 .oo 60.1 60.10 
2.50 67.4 26.96 
2.64 67.0 25.38 

0.93 56.9 61.51 

REMOVAL MEAN 
FREE PATH 

Lgrams/cm2) 

REMOVAL MEAN 
FREE PATH 

(cm) 
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Anthony Sullivan of CERN (Su89) has developed a simple formula for the angular distribution 
of fluence, @ (0) (cm-*), of hadrons with E. > 40 MeV at one meter from a copper target struck 
by protons in the energy region 5 < E, < 500 GeV per interacting proton: 

a@) = 
1 

2[e+(354 

(1.39) 

where E. is in GeV and 8 is in degrees. 

This formula also adequately accounts for the distributions of mutrou per -roton 
produced by protons in the region of incident proton energy 0.025 < Eo < 1 GeV if it is 
multiplied by, approximately, a factor of two. This equation can be plotted as in Fig. 1.35, taken 
from the preprint of (Su89), in the “lateral” (9 = 900) and “forward” (e = 00) directions. 
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Fig. 1.35 Flux of hzutrons exceeding 40 MeV in energy, per interaction, at 1 meter 
from the target in both the forward (0 = O”) and sideways (fI = 900) 
direction as a function of the interacting proton. The proton is interacting in 
a copper target. [Reproduced from the preprint of (Su89).] 
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Of course, the dose equivalent is often more important to know than is the “raw” fluence. In 
principal, the dose equivalent can be obtained by integrating thus; 

I 
E 

H= max P(E)@(E)dE, 
0 

(1.40) 

or by summation, taking into account the “coarseness” of available data and/or calculations: 

Tesch (Te85) has done this to obtain the dose equivalent at 1 meter from a copper target (e = 
900) bombarded by protons of various energies. The result is plotted in Fig. 1.36 taken from 
(Te85). 
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Fig. 1.36 Dose equivalent per proton due to neutrons at 0 = 900 with energies higher 
than 8 MeV at a distance of 1 meter from a copper target. [Reproduced 
from (Te85j.l 
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Levine (Le72) has obtained experimental data on the angular distribution of absorbed dose for 8 
and 24 GeV/c protons incident on a Cu target. These are given in Fig. 1.37. The results are 
normalized to the number of interacting protons which represent about 28 % of those incident. 
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Muons at proton accelerators arise from two principal mechanisms. Production by pion and kaon 
decay are outlined as follows where mass of the parent particles, the branching ratio (the 
percentage of time the parent particle decays by the reaction given), the meanlife, and the value 
of CT (PR92) are also given. 

xf->p*+ VP ;m, = 139.6 MeV, z = 2.6 X l&8 s, (99.99 % branch), (CT = 7.804 m) 

K’->/J*+ vcL ; mK = 493.6 MeV ?: =1.2 X 10-s s, (63.51 % branch), (CT = 3.709 m) 

The other important muon production mechanism associated with incident protons is the so- 
called “direct” muon production. These will discussed in more detail in Chapter 3. 

At proton and ion accelerators, thus, the production of muons is usually dominated by a tertiary 
effect due to the decay of secondary particles. Muon fields are forward-peaked and, normally, 
dominated by those from pion decay (except, perhaps at the highest energies). Usually, Monte- 
Carlo techniques are needed to accurately estimate muon intensities. This is because of the need 
to: 

A. 

:- 
D-. 

calculate the production of pions from the proton interactions 
follow the pions until they decay or interact 
adequately account for the range-energy relation and range straggling 
track the muons to the point of interest. 

A full discussion of muon production and shielding must await Chapter 3. 
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VI. Primary Radiation Fields at Ion Accelerators 

Because the ionization range for ions of a given kinetic energy decreases as a function of ion 
mass, targets become effectively “thicker” as the ion mass increases. 

&ht ions (ion mass number. A < 5’1 

For such ions there are “special case” exothermic reactions to be concerned with. Noteworthy 
examples (followed by their reaction Q-values, Qv, in parentheses) are: 

D(d,r$He (Qv = 3.266 MeV) 

gBe(a,n)l% (Qv = 5.708 MeV) 

3H(d,n)4He (Qv = 17.586 MeV). 

In some cases monoenergetic beams of neutrons are possible using these or the following slightly 
endothermic reactions: 

%(d,n)*3N (Qv = -0.28 1 MeV) 

TQv03He (Qv = -0.764 MeV) 
TLi(p,n)‘Be (Qv = - 1.646 MeV). 

The energies of such neutrons can range from 0 to 27 MeV for bombarding energies up to 10 
MeV. 

In general, deuteron stripping reactions [(d,n)] have the highest yields because the binding 
energy of the deuteron is only 2.225 MeV. (One gets an extra neutron “for free”!). This 
phenomena is especially pronounced at the lower energies. In the low energy region, and 
especially with light ions, one should carefully consider all possible reactions given the materials 
present in conjunction with the ions that are being accelerated. 

Figure 1.38 taken from (Pa73) gives examples of typical light ion yield results. 
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heavier ions (ions with A > 41 

At higher energies and especially at higher masses, neutron yield and dose equivalent data and 
calculations are very sparse. The data often is normalized in terms of kinetic energy per atomic 
mass unit (specific energy, usually expressed in units of MeV/amu), or kinetic energy per 
nucleon because reaction parameters generally scale to that parameter. In the literature the 
technical distinction between energy/amu and energy/nucleon is often ignored. In the range up 
to 20 MeV/amu, this is illustrated by the Figs. 1.39 and 1.40 taken from (NC96) [adapted from 
(Hu60) dz OhSO)] for both yield and dose equivalent for targets slightly thicker than the particle 
range: 
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Tuyn et. al [(Tu84), also reported in (NC96)] reports studies done with 86 MeV/amu 1% ions 
incident on Fe targets slightly thicker than one range. These were compared with theoretical 
calculations. The data measured are shown in Figs. 1.41 and 1.42 taken from (Tu84). 
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Clapier and Zaidins (C183) have surveyed the existing data from 3 to 86 MeV/amu and have 
been able to parameterize it. They found that the following fits the angular distribution of flux flux 

density: 

1 

~@~~) = 4x -i 

1 

>c 

1 

log[ 1 + l/s] 5 + sin*(8/2) > (1.42) 

where 8 is in degrees and the fitting parameter 5 is determined by 

5 
= wm 1 

~(0~ - wm = wmmn - 1 
(1.43) 

and where b(e) is the value of the fluence or dose equivalent at 8. 

These same authors have found that the total yield, Y (neutrons/ion) can be approximately fit as a 
function of the target atomic number, 2, and the specific energy, W (MeV/amu). [Again, note 

the lack of dependence on projectile atomic number!] 

The expressions which result are: 

Y (w,Z) = c(z)w”(z) with (1.44) ’ 

q(Z) = 1.22B and 

C(Z) = 
1.95 x 1oA 

z2.75 exp[-0.475 (1r1Z)~]. 

(1.45) 

(1.46) 

These authors have tabulated the values of the parameters C(Z) and q(Z) in Table. 1.7. 

Table 1.7 Values of the parameters q (2) and C(Z) as expressed in (C183). 

dtomic Number (element) 

1 (hydrogen) 
*rl m C(Z) 
1-S l.‘/ x 10-4 

2 (helium) 2.6 3.9 x 10-e 
6 (carbon) 2.7 2.5 x 10-e 
8 (oxygen) 3.6 3.6 X lo-7 

10 (neon) 7.0 2.7 X IO-10 
18 (awn) 7.0 5.1 x 10-11 
36 Wnton) 7.9 6.0 X lo-12 
82 (lead) 11.0 1.7 x 10-13 
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They also give a few examples of the parameter, 5, in the expression for fitting the angular 
distribution. They report values of 0.07 for uranium incident on uranium at 9 MeV/amu, 0.025 
for neutrons of energy c 20 MeV produced by 86 MeV/amu 1% incident on iron, and 3 X 10” 
for neutrons of energy > 20 MeV produced by 86 MeV/amu 1v incident on iron. Fig. 1.43 
gives the results found. One could use values given in Table 1.7 taken from (C183) or the direct 
calculation and obtain some idea of the uncertainties inherent in this fit to such a broad range of 
data. 

1 

16’ 

1ci* 

- 

s .- 
\ 
C 

i ,03 

L L 

10 100 
W = E/A (MeV/a.m.u ) 

Fig. 1.43 Total neutron yields as a function of specific energy for a variety of ions. 
The shaded region is representative of the uncertainties in the associated 
parametric fit to the available data. [Reproduced from (C183).] 
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McCaslin, et al (McC85) measured the angular distribution of yields of 670 MeV/amu Ne and Si 
ions and obtained the following results: 

For incident 670 MeV/amu *%Ie ions including all neutrons above 6.5 
MeV at a radius of 1 meter, McCaslin found: 

q(0) = 372 8-l neutrons m-*/ion 

(for 2’ < 8 < 180°, 0 in degrees) 
(1.47) 

For incident 670 MeV/amu *oNe ions including all neutrons above 20 MeV; 

@(El) = 248 e-O.*’ neutrons mm2/ion 

(for 0’ < 8 < 20°, 0 in degrees) 

and 

(1.48) 

@(El) = 10 e-o.o388 neutrons m-*/ion 

(for 20” < 8 < 120°, 8 in degrees). 
(1.49) 

The neutron yields at this high specific energy for heavy ions turn out to be quite large. 
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1. a) To how many GeV/s does 1 kW of beam power correspond? 

b) To how many singly charged particles per second does 1 ampere of beam current 
correspond? 

c) To how many GeV/kg of energy deposition does an absorbed dose of 1 Gy 
correspond? 

2. Which has the higher quality factor, a 10 MeV (kinetic energy) a-particle or a 1 MeV 

neutron? Write down the quality factors for each particle. 

3. Calculate the number of 1x and 2% atoms per cm3 of solid material. 

4. Calculate the velocity and momenta of a 200 MeV electron, proton, iron ion, x+, and 

P+- The 200 MeV is kinetic energy and the answers should be expressed in units of 

the speed of light (velocity) and MeV/c (momenta). Iron ions have an isotope- 

averaged mass of 52021 MeV (A = 55.847 X 93 1.5 MeV/amu). The x+ mass is 140 

MeV and the p+ mass = 106 MeV . Do the same calculation for 20 GeV protons, iron 

ions, and muons. It is suggested that these results be presented in tabular form. Make, 

general comments on the velocity and momenta of the particles at the two energies. 

(The table may help you notice any algebraic errors that you have made.) 

5. Calculate the mass stopping power of a 20 MeV electron (ionization only) and a 200 

MeV proton in **Si. 

6. An electron accelerator has a beam profile in the form of a 2 mm diameter circle 

uniformly illuminated by the beam. Make a crude plot of the value of the dose 

equivalent rate b the beam as the energy increases from 1 MeV to 10 GeV. The 

average beam current is 1 microamp (1 PA). Assume the beam profile is unchanged 

during acceleration. Compare with Swanson’s simple formula (“conservative” value) . 

Is his formula “conservative” above 100 MeV? (Hint: use Fig. 1.9) 

7. Calculate the critical energy and length of material that corresponds to the radiation 

length for carbon and for lead. What does this say about the effectiveness of low-Z 

versus high-Z shielding materials for electrons? 
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8. 

9. 

10. 

11. 

12. 

13. 
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A 100 MeV electron accelerator produces a 1.0 l..tA beam incident on a high-i! (thick) 

target. Estimate the bremsstrahlung absorbed dose rates at 8 = 00 and 900 at r = 2 m 

from the target using Swanson’s rules of thumb. Compare the 00 result with the “in 

the beam dose equivalent rate” found in problem 6. How do the bremsstrahlung and 

in-beam dose rates compare? 

Suppose the Tevatron enclosure at Fermilab is converted into an enclosure for an 

electron synchrotron. The radius of the synchrotron is 1000 m. If the circulated beam 

is 1012 electron, calculate the median energy of the synchrotron radiation photons for 

b = 100 GeV. Also find 8c of the “lobe.” 

For the accelerator of problem 8, calculate the neutron flux density at r = 2 m at large 

angles using the values in Table 1.3 for a high-Z (tungsten) target. Also use Table 

1.3 to estimate the dose equivalent r = 2 m. Check this result by “guessing” the 

average neutron energy is l-10 MeV and use the curve in Fig. 1.6. Compare this 

neutron dose with the Bremsstrahlung dose at larrge angles obtained in problem 8. 

Fig. 1.21 gives both muon flux density and muon dose equivalent rate at one meter at 

0 = 00 as a function of electron beam energy. From the figure determine the fluence- 

to-dose equivalent factor used to obtain the dose equivalent rate from the primary 

calculation of muon flux density. Compare with Stevenson’s result. 

Calculate the muon fluence necessary to produce a dose equivalent of 1 mrem 

assuming a quality factor = 1 and that tissue is equivalent to water for minimum 

ionizing muons. (Hint: use Table 1.2) Could this explain the slight discrepancy noted 

in this conversion factor found in problem 1 l? How? 

For a 20 GeV electron accelerator, the electron beam strikes a beam stop made of 

aluminum or iron. How lone (in Z) does the beam stop have to be to range out the 

muon having the avera% energy (for both Al & Fe)? (Hint: use curves from Fig. 1.20 

to calculate the average energy by looking at flux versus energy.) What will the 

relative dose rates be at the immediate downstream ends of each material? Assume 

multiple scattering is not important. Compare the dose rates at the immediate 

downstream ends of each material. (Assume the production of muons from Fe is 

apprxoimately equal to that from Al. Recall the inverse square law.) 
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14. 

15. 

16. 

17. 

a> 

One can use measurement results to check Sullivan’s formula for hadron fluence 

above 40 MeV for high-energy proton interactions. Check the agreement for the 22 

and 225 GeV/c data in Figs. 1.33 and 1.34 for 3 representative angles at one meter. 

(Ignore the fact that the formula is for hadrons > 40 MeV while the only data provided 

is for hadrons ~35 MeV and 50 MeV but do m ignore the difference between 

normalizing to * versus interactin protons.) (It is valid to make the 

comparison on yield per interacting proton since the results in Fig. 1.34 is for targets 

approximately 1 interaction length long.) Comment on the quality of the agreement. 

Calculations can also be used to check the Tesch curve for dose equivalent at 8 = 900 

(Fig. 1.36). Use the 200 MeV calculations in Fig. 1.30 to do this by crudely 

numerically integrating the 600 < 8 < 900 yields to determine the average energy of the 

neutrons and the total fluence at 8 = 90’ and at 1 meter. Use the results along with 

fluence-to-dose equivalent rate curves (Fig. 1.6) to obtain the dose equivalent per 

proton to compare with Tesch’s result. (Iron is considered equivalent to copper for 

this problem.) 

Use Tesch’s curve in Fig. 1.36 to calculate the dose equivalent rate at 2 m and 8 = 900 

from a target struck by 1 l.rA of 100 MeV protons. Compare with the neutron dose rate 

calculated in problem 10 for an electron accelerator having the same intensity and 

beam energy and discuss.- (Scale the relevant result of problem 10 by the appropriate 

yield for copper vs. Tungsten.) 

It is often necessary to work from fragmentary data to determine other quantitites. 

Use McCaslin’s results and appropriate fluence to dose factors to calculate the dose 

equivalent rate at 1 meter and at 8 = 3W for a target struck by 108 670 MeV/amu 2oNe 

ions per sec. (Hint: use all available spectrum information.) 

Use McCaslin’s results to obtain the total yield of neutrons per ion with En > 6.5 MeV. 

Assuming the target to be iron or copper, how does this yield correspond to that due to 

700 MeV protons. 3 Do this for both En > 6.5 MeV and En > 20 MeV to understand the 

overall composition. 

Hint: Integrate over the unit sphere (double integral over spherical coordinates 8 & $) 
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The following indefinite integrals are needed: 

I 
sin x x3 x5 x7 dx- - 

X =x-3.9 +m-- 7.7! 

I dx eax sin (bx) = 
eax [a sin (bx) - b cos (bx)] 

a2 + b2 

The elemental area on the sphere of radius R is dA = r2 sin 8 dCId$, 
(See figure below.) 
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In this chapter the major features of the shielding of electrons and photons at accelerators are 
described. It includes extensive discussion of the electromagnetic cascade and a discussion of the 
shielding of photoneutrons and high energy particles that result from these interactions. The 
chapter concludes with a treatment of the generalized shielding problem with specific attention 
given to the Monte-Carlo method. 

I. The Electromagnetic Cascade-Introduction 

The “prime mover” in shielding design at electron accelerators is the electromagnetic cascade. This 
would also be true were a muon accelerator to be built. 

One should recall the definitions of radiation length, &, and critical energy, E,, from 
Chapter 1; 

X0 = z(z JiF/t2t, !Jz) ( g cm-2) (2.1) 

and 

Ec = SCMY(Z + 1.2) (MeV). (2.2) 

Another parameter of importance (PR92) for describing the electromagnetic cascade is the 
Moliere radius, Xm: 

X m=XoEs& (2.3) ’ 

where E, = (&iS!i)m,c 2 = 21.2 MeV. (2.4) 

[a is the fine structure constant (see Table 1.1) and me is the mass of the electron.] 

It turns out that X, is a good characteristic length for radial distributions in electromagnetic 
showers. Two more scaling dimensionless variables are commonly introduced to describe 
electromagnetic shower behavior; 

t = x/x, (distance) 

and y = E/E, (energy). 

(2.5) 

(2.6) 

As an aside, for mixtures of n elements (PR92) states that these quantities and the stopping power 
dWdx scale according to the elemental fractions by weight, fi, as follows: 

all 2 in energy/g cmw2} 

all X,i in g cmS2} and 

1 1 n &EC. 
c x,=E, i=lx,- 

(2.7) 

(2.8) 

V-9) 
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Another term used is that of the so-called “Compton minimum” which, as the term is generally 
used, is the energy at which the total photon cross section is at a minimum. Frye use of this term is 
an unfortunate occurrence of technical “slang” since at the higher energies the Compton scattering 
cross section monotonically decreases with energy!] This value always occurs at energies less 
than Q and is typically a few MeV. For high energy photons (E, > 1 GeV), the total e+e- pair 
production cross section, OW, is approximately given, for a single element, by 

OP& = fly-$-) (cmz), (2.10) 

where A is the atomic weight, NA, is Avagadro’s number, and Xc, is the radiation length expressed 
in units of g/cm2. 

For energies larger than a few MeV, the pair production process dominates the total photon 
attenuation. The interaction length for pair production, hpair, is given by 

& tg/cm2> = (2.11) 

where the symbols all have the same meanings as used in Chapter 1 and thus far in this chapter. 

This result, along with the facts about photon production by electrons interacting in matter, leads to 
the most important fact about the electromagnetic cascade: 

The electrons radiatively produce photons with almost the same 
characteristic length for which the photons produce more e+ e’ pairs. 

This is so important because as a first order approximation it means that the “size” in physical 
space is jndenenda of energy. (For hadronic cascades, the result is considerably different!) 

Figure 2.1 taken from (PR92) illustrates the photon cross sections for the various physical 
processes responsible for photon attenuation. 
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. 

II. The Electromagnetic Cascade Process 

In the most simple terms, the electromagnetic cascade at an electron accelerator proceeds 
aualitatively according to the following steps: 

1. A high energy electron produces a high energy photon by bremsstrahlung. 

2. This photon produces an e + e- pair after traveling, on average, a distance of X, (each 
member of the pair will have half the energy of the photon). 

3. After traveling an average distance of Xo, each member of the e+ e- pair will produce yet 
another bremsstrahlung photon. 

4. Each electron or positron may continue on to interact again and release yet more photons 
before its energy is totally absorbed. 

{This chain could equally well be initiated by a high energy photon from a hadron 
accelerator. } 

Eventually, after a number of generations, the individual energies of the electrons and positrons 
will be degraded to values below Ee so that ionization processes then begin to dominate and 
terminate the shower. Likewise, the photon energies eventually are degraded so that Compton 
scattering and the photoelectric effect compete with the further production of e+ e- pairs. 

Figure 2.2 taken from (Sw79) shows, schematically, the electromagnetic cascade process. 
Of course, there are subtleties representing many different physical processes, such as the 
production of other particles, which must be taken into account. These are best handled by Monte- 
Carlo calculations. The most widely-used code incorporating the Monte-Carlo method as applied 
to electromagnetic cascades is that written by W. R. Nelson of SLAC called EGS (electron gamma 
shower, a current version is denoted EGS4) which has been described in (Ne90)t. Van Ginneken 
has also written a Monte-Carlo program which is very effective for calculating deep penetrations 
called AEGIS (Va78) [An appendix at the end of this discussion will briefly review the Monte- 
Carlo Method.] Analytical approximations have been developed and are summarized elsewhere 
[e.g., (Sw79)]. 

There are some published standard calculations from which estimates may be made which will now 
be introduced. 

Lon&udinal shower develonment 

The dosimetric properties of the calculations of an electromagnetic cascade may be summarized in 
curves that give fluence, dose, or other quantities of interest as functions of shower depth or 
distance from the axis. Figure 2.3 taken from (Va75) shows the fraction of total energy deposited 
(integrated over all radii about the shower axis) versus depth from Van Ginneken and Awschalom 
(Va75). These authors found that a new scaling parameter, h, , given by 

4 = 325(lnZ)-1.731n(&) (g cms2) [Eo is in MeV] (2.12) 

When longitudinal lengths are expressed in units of 4 ,, all curves merge approximately into this 
universal one. 

1 Monte-Carlo programs exist, in general, in a state of neatly continuous improvement. Thus the 
authors of such codes should be contacted to provide the current version. 



Chapter 2 Shielding of Electrons and Photons at Accelerators 

e- or e+ 
---- +-- 
Energy Eo 

2 

Radiation Lengths (X0) 

Fig. 2.2 Development of an electromagnetic cascade in a semi-infinite medium at high energy (well 
above the critical energy). The dashed lines represent electrons or positrons and the wavy lines 
represent photons. An electron or positron of energy E, is incident at the left (a cascade can 
also be initiated by a photon). The spreading in the transverse direction is greatly exaggerated 
for clarity. Only bremsstrahlung (B) and pair production (P) events are shown, but Compton 
scattering also plays a role in the dispersal of energy. Energy is deposited in the medium 
along the dashed lines by ionization. F’hotonuclear reactions, as illustrated by the (y,n) 
reaction at point N, may take place along any of the wavy lines if the energy of that photon is 
high enough. They occur much less frequently than might be inferred from this illustration. 
rlkpnxiuced from (Sw79).] 
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Fig. 2.3 Fraction of total energy, U, deposited by an EM cascade shower versus depth, integrated over 
all radii about the shower axis. IReproduced from (Va75).] 
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Rossi and Griesen (Ro41), in their development of analytical shower theory, have predicted (using 
their so-called “Approximation B”) that the total number of electrons and positrons at the shower 
maximum, Naow are proportional to the primary energy as follows: 

N 
0.31 E,JE, 

show = [ln(E&,) - 0.37]1’2’ 
(2.13) 

This makes sense intuitively; the result of the shower is to divide the energy at maximum among a 
number of particles with energies near Ee. 

Also from this Approximation B , the location of the shower maximum X-, (along the 
longitudinal axis usually represented by the Z coordinate) should be given by: 

X max 

&I 

(with C = 1) (2.14) 

Experimentally, Bathow, Freytag, and Tesch (Ba67) found that C = 0.77 for Cu and 0.47 for Pb 
fit experimental data better. (Photon induced showers penetrate about 0.8 radiation lengths 
deeper. (Sc90) identifies slight differences between photon and lepton induced showers but these 
can normally be neglected.) The maximum energy deposited per radiation length is simply given 
by multiplying Nshow by the critical energy. 

(S&O) gives the mean squared longitudinal spread, 72, (mean square distance lateral spread of the 
shower about t = tma = Xm&&.): 

(electron-induced shower), and (2.15) 

22 = 1.61 In + 0.9 (2.16) 

(photon-induced shower, for which I$, is the photon energy more conventionally 
denoted by ke by some authors). 

For dosimetric purposes for a shower in a given material, EGS4 results tabulated in (Sc90) have 
been parameterized to determine “source terms” for longitudinal dose equivalents in materials over 
the energy region 1 GeV < E. < 1 TeV for dose on the Z-axis (subscripts “a”), dose averaged over 
a 15 cm radius about the Z-axis, ( subscripts “m”) and for total energy deposited (subscripts “e”) . 
Table 2.1 taken from (S&O) gives the various parameters for calculating dose equivalent, Htong 
(Sv per electron) at the end of a beam dump of length, L cm) of density, p (gkm3) and gives 

I fitted values of the various “attenuation lengths”, hi (g/cm ). For absorbed dose calculations, the 
factor C, which is the ratio of dose equivalent in tissue (Sv) to absorbed dose in the material (not 
tissue) (Gy), should be set to unity. The following is the formula in which these parameters from 
Table 2.1 am to be used: 

H long = CSie-Pmi. (2.17) 
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Table 2.1 Source terms S,, S,, and S,, and corresponding recommended 
attenuation lengths, h,, h,, and h, for doses on the axis, averaged over a 
radius of 15 cm, and for total energy in the energy range from 1 GeV to 1 
TeV in the forward direction for dumps and end-stops, respectively. 
Conversion factors C from absorbed dose in shielding material to dose 
equivalent are given. 
(Sc90).] 

E, is the beam kinetic energy in GeV. [Adapted from 

Material C sa h3 SIXI km Se he - 
(Sv/Gy) (Gylelectron) (g/crd) (Gyielectron) (g/cm*) (Gyielectron) Wan*) 

Water 0.95 l.9X10-‘“Eo2~o 58 1.5X10-11E02~o 59.9 1.2X10-‘4E01.7 75 

COncrete 1.2 1.9X10-9E01.8 44 2.2X10-“Eo’.8 45.6 9.0X10-14E01.7 52 

Aluminum 1.2 2.3X10-9E01.7 46 3.4X10-“E,‘.’ 46.3 1.0X10-13E01.7 55 

iron 1.3 2.9X10-8Eo’.7 30 1.8X10-‘“Eo’~7 33.6 l.lX10-‘2Eo’~6 37 

1.8 1.9X10-7E01.4 18 4.6X10-‘“Eo’.4 24.2 4.3X10-12E01.2 25 I 

Lateral shower develonment 

Figure 2.4 taken from (Ne68) shows the fraction U/E0 of the incident energy which escapes 
laterally from an infinitely long cylinder as a function of cylinder radius for showers caused by 
electrons of various energies which bombard the front face of the cylinder. On this graph R is in 
UnitSOf Xm. The curve has been parameter&d as: 

F = 0.8 exp[-3:45 (r/X,)] + 0.2exp[-O.889 (r/X,)]. 
0 

(2.18) 

In Fig. 2.4, the universality of electromagnetic cascade curves is clear. Similar results have been 
obtained using EGS4 (Sc90). For large radii, a material dependent phenomenon emerges in 
which the photons having the largest mean free paths determined by the photon cross section at the 
Compton minimum will dominate the slopes. These slopes, normalized to Xm, are also shown in 
this figure.* 

*In several publications in which Fig.2.4 has appeared, including the original one, the decimal 
points in the “x-axis” coordinates have been nearly invisible.! 
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loo = 
3 -0 
-& 
- % 

- "B 

10-l % 

a 
0 

A 

2 

0 

cl 

a 

0 

0 

Energy Medium 

100 MeV Pb 

t 

200 MeV Pb 
400 MeV Pb 

1 GeV Pb 

6 GeV Pb 
I 

187 MeV cu 
950 MeV Cu 

20 GeV Al 
20 GeV Cu 

0 1P 30 3D 49 5.0 6P 

R/Xm 

Reference 

Nagel (1965) 
Nagel 
Nagel 
Nagel 

Vtilkel (1965) 

Zerby 8 Moran (1962) 
Zerby & Moran 
Zerby 8 Moran 
Zerby & Moran 

earn F 433 \ -2 

‘t=oo’ 

A 
h/‘m - 

-‘<b _ 
\ 

Fig. 2.4 Fraction of total energy, U, deposited beyond a cylindrical radius, R/Xm, as a function of radius for 
showers caused by 0.1 - 20 GeV electrons incident on various materials (Reproduced from (Ne68) and 
references cited therein.] 
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As was done for the longitudinal situation, EGS4 (S&O) has been similarly used to give the 
maximum energy deposition (and by extension, the maximum absorbed dose and dose equivalent) 
as a function of radius R. Over the energy range 1 GeV < E, < 1 TeV, there is direct scaling with 
energy in the formula for dose equivalent: 

e-Pm1 

HI, = CE,S 1- , 
a2 

(2.19) 

where Hh is the maximum dose equivalent laterally (Sv per electron), C is the same as before, & 
is the electron kinetic energy in GeV, St is the source term from the EGS4 calculations (tabulated 
below), R is the lateral dimension of the shield (shield thickness) in cm, p is the density (g cm-J), 
ht is the attenuation length (g/cm2), and a is the distance from the axis, in cm, where the dose 
equivalent is desired. 

Table 2.2 taken from from (Sc90) gives the parameters needed for the above formula and Fig. 2.5 
also taken from (Sc90) shows the result of the EGS4 calculations. 

Table 2.2 Conversion factors C from absorbed dose in 
shielding material to dose equivalent, source terms St 
for the maximum of the electroma netic component, and 
recommended attenuation lengths 8. 1 for the energy range 
1 GeV to 1 TeV laterally for dumps or end-stops. 
[Adapted from (Sc90).] 

Material C Sl Al 
(SV/GY) (Gy cm* CieV-l per electron) Wan*) 

I Water 0.95 2.5x10-12 26 

COncrete 1.2 3.6X10-l2 27 

Aluminum 1.2 3.4x10-12 29 

Imn 1.3 4.7x10-11 33 

1.X 1.3X1&10 26 
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0 10 20 30 cm LO 
R- 

Fig. 2.5 Maximum absorbed dose D in a cylinder vs. radius R; curve 1: cylinder made of concrete of 
density 2.4 g/cm3, curve 2: cylinder made of iron of density 7.2 g/cm3. Curves calculated 
with EGS4 for electron beams of 1, 10,100, and 1000 GeV and normalized per GeV become 
independent of energy. [Reproduced from (S&O).] 
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III. Hadron Production by the Electromagnetic Cascade. 

As we have seen before, neutrons are produced by high energy electrons and photons. These 
neutrons must be taken into account to properly shield electron accelerators. The general issues 
concerning the shielding of neutrons are addressed in more detail in Chapter 3. K. Tesch has 
summarized shielding against these neutrons in his review article (Te88). He has summarized the 
feature of the neutron fields with simple analytical relations for cases where “thick” targets are 
struck by the electron beam. 

For lateral concrete shielding, the dose equivalent per electron after shield thickness, d (g/cm2). 
;Gyv\ysgins at radius r (m) from an iron target struck by electrons having primary energy b 

, r 

H(d r) = 4.0 x lo-l7 
, 

r2 
EoedlW (Sv). (2.20) 

This is valid for & > 0.4 GeV and d > 200 g cm-*. 

The angular variations are not severe because of the nature of the mechanisms by which the 
neutrons are produced at electron accelerators (namely, photoneutron production). For other target 
materials one can scale this equation as follows. 

The neutron production is proportional to the photoproduction cross section, the track length in 
cm, and the number of atoms cm -3. The interaction cross section is generally proportional to .he 
atomic weight A. The track length is proportional to X0, * the production becomes proportional to 
the radiation length in g cm -2. Thus one can, for rough estimates of dose equivalent in the . 
environs of targets of materials other than iron, obtain results by scaling this value for iron by the 
fat tor f; XI 

A 
f = ~;terial. 

Ouon 

(2.21) 

For shields comprised of other materials, one can simply adjust the attenuation length (g cm-2) in 
the exponent of the above to that appropriate to the material. 

(Sc90) gives a somewhat more detailed treatment separately handling the giant resonance neutrons 
and high energy particle components of dose equivalent and deriving “source terms” and 
appropriate formulas. Fig. 2.6 taken from (Sc90) illustrates the geometry for using the formulas 
to be given below: Target 

Fig. 2.6 Target and shielding geometry for the estimation of dose equivalent from bremsstrahlung. 
giant resonance neutrons, and high energy particles in the angular range with the beam 0 from 
30 to 120 degrees; a is the lateral distance between the target and the shielding and d is the 
shielding thickness, 

page 2-12 



Chapter 2 Shielding of Electrons and Photons at Accelerators 

The formulae given below are held to be valid for 1 GeV < E, c 1 TeV and for 30 c 0 < 120 
degrees. 

For the Piant resonance neutrons; 

Hn = O.%&(~~ex{- hn 1: iei] where Eo is the energy (GeV), (2.22) 

E is the beam energy (GeV), p is the density 
!P the source term from Chapter 1 (Sv cm2 GeV- 

cm3), a and d are as shown (cm) in Fig. 2.6, Sn is 
), and hn (g/cm2) is the attenuation length 

recommended for giant resonance neutrons. Values of An are as follows for representative 
materials: 

water 9 WW 
concrete 42 ” 
iron 130 M 

I lead 235 ” I 

The factor qn is a dimensionless factor (qn 5 1) which gives an estimate of the efficiency for the 
production of neutrons by the target. Figure 2.7 taken from (Sc90) can be used to estimate this 
quantity: 

‘0 

08 

I 06 

L 4 

oc 

02 

0 2 4 6 8 10 20 22 

x/x, - 

Fig. 2.7 Relative yield Y of neutrons released by electron beams incident on a lead target at energies E, = 17. 
34 and 100 MeV vs. target thickness measured in radiation lengths X0. The curves are qualitatively 
similar for the other materials and energies but the initial rise will tend to be steeper, and satundcn 

will be more quickly achieved, for higher E, or greater Z. [Reproduced from (Sc90) as adapted from 
references cited therein.] 
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For the hieh enerrzv narticles; 

In this case no correction for target thickness is generally employed. The formula for this is 
(starting with the De Staebler yield formula, Eq. (1.34)): 

(2.23) 

In this formula Hh is the dose equivalent due to these particles (Sv), E is the beam energy (GeV), 
A is the atomic weight of the target and hh (g/cm2) is the attenuation length typical of these 
particles. Table 2.3 taken from (S&O) gives values of hh for representative materials. (Sc9Oj 
goes further and describes a variety of special cases. 

Table 2.3 Attenuation lengths hh in g/cm2 for the high energy 
particle component. [Adapted from (Sc90) and references cited 
therein.] 

Material Energy Limit Energy Limit Nuclear Interxtion RecOIMXIlded 
> 14 MeVt or > 100 MeV 
B 25 MeV2 

Length 
(g/m2) 

h [Es. (2.23)1 

Wm2) 
Wm2) 

Water 
Aluminum 
Soil (sand) 

COilcrete 

Iron 

101...104* 
102...105+, 
101...105* 

91 
82...100+ 

139+ 
244+ 

84.9 86 
106.4 128 

117 99.2 117 
96 

120 99.9 117 
105 
100 

131.9 164 
194 253 

*Attenuation lengths for the indicated values are slightly dependent on angle with the higher value 
at 0 = 8 and the smaller value in the backward direction for E > 15 MeV. 
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IV. Theory of Radiation Transport and the Monte Carlo Method 

The theoretical material in this section is largely the work of Mr. Keran O’Brien of the University 
of Northern Arizona, (OB80). It is included to show clearly the mathematical basis of the 
contents of shielding codes, especially those which use the Monte-Carlo method. 

General Considerations 

Stray and direct radiations at any location are distributed in particle type, direction, and energy. To 
determine the amount of radiation present for radiation protection purposes we must assign a 
magnitude to this multidimensional quantity. This is done by forming a double integral over 
energy and direction of the product of the flux and an approximate flux-to-dose or flux-to-dose- 
equivalent conversion factor, summed over particle type; 

H(x,t) = % hR dQhw dE fi(x,JZQt) Hi(E) 

i 

(2.24) 

(i = p, n, e+ x+, l.~*, heavy nuclei, . ..) 

where a is the direction vector of particle travel, x is the coordinate vector of the point in space 
where the dose or dose equivalent is to be calculated, E is the particle energy, t is time, and i is the 
particle type. (Here we adopt the conventional notation that bold-faced coordinates represent 
vector quantities.) Hi(E) is the flux-to-dose or flux-to-dose-equivalent conversion factor . 
expressed as a function of energy and particle type. The inner integral is over all energies while the 
outer integral is over all spatial directions which contribute to the radiation field at the location 
specified by x. The result of the integration is H, the dose or dose-equivalent rate at location K. 
Values of Hi are tabulated in (IC87). The angular flux, fi(x,E,Q,t), the number of particles of type 
i per unit area, per unit energy, per unit solid angle, per unit time at location x, with a energy EL, at 
a time t and traveling in a direction Q is related to the scalar flux, or flux density by integrating over 
direction, 

dE fi(xLQt)v (2.25) 

to the fluence by integrating over the intervening period of time, 

%i(X) = 6, dQIom dEJ dtfi(xJLQt), 

and to the energy spectrum at point x at time t by, 

$(XvCE) = dQ fi(xvE;,Qt). 

(2.26) 

(2.27) 
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To determine the proper dimensions and composition of a shield, the amount of radiation 
(expressed in terms of the dose or dose equivalent) which penetrates the shield and reaches 
locations of interest must be calculated. This quantity must be compared with the maximum 
permissible dose equivalent. If the calculated dose or dose equivalent is too large, either the 
conditions associated with the source of the radiation (e.g., the amount of beam loss allowed by 
the beam control instrumentation, the amount of residual gas in the vacuum system, or the amount 
of beam allowed to be accelerated) or the shield dimensions must be changed. It is difficult and 
expensive, especially in the case of the larger accelerators, to alter permanent shielding or 
operating conditions if the determination of shielding dimensions and composition has not been 
done correctly. The methods for determining these quantities have been investigated by 
numerous workers. The next section only summarizes the basics of this important work. 

The Boltzmann Euuation 

The primary tool for determining the amount of radiation reaching a given location is the 
Boltzmann equation which, when solved, yields the angular flux: fi(x,E,R,t); the distribution in 
energy and angle for each particle type as a function of position and time. The angular flux is then 
converted to dose equivalent by means of Eq. (2.24). 

This section describes the theory that yields the distribution of radiation in matter, and discusses 
some of the methods for extracting detailed numerical values for elements of this distribution such 
as particle flux, or related quantities, such as dose, activation or instrument response. The basis 
for this theory is the stationary form of the Boltzmann equation (henceforth, referred to simply as 
the Boltzmann equation) which is a statement of all the processes that the corpuscles of various 
types that comprise the radiation field can undergo. 

The Boltzmann equation is an integrodifferential equation describing the behavior of a dilute 
assemblage of corpuscles. It was derived by Ludwig Boltzmann in 1872 to study the properties of 
gases but applies equally to the behavior of those “corpuscles” which comprise ionizing radiat:on. 

Boltzmann’s equation is a continuity equation of the angular flux, fi(x,E,Q,t), in phase space 
which is made up of the three space coordinates of Euclidian geometry, the three corresponding 
direction cosines and the kinetic energy. The density of radiation in a volume of phase space may 
change in five ways: 

1. Uniform translation; where the spatial coordinates change, but the energy-angle 
coordinates remain unchanged; 

2. Collisions; as a result of which the energy-angle coordinates change, but the s:,lGal 
coordinates remain unchanged, or the particle may be absorbed and disappear 
altogether, 

3. Continuous slowing down; in which uniform translation is combined with 
continuous energy loss; 

4. Decay; where particles are changed through radioactive transmutation into panic:lcs 
of another kind; and 

5. Introduction; involving the direct emission of a particle from a source into the 
volume of phase space of interest: electrons or photons from radioactive maurials, 
neutrons from an a-n emitter, the “appearance of beam particles, or particles 
emitted from a collision at another (usually higher) energy. 
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Combining these five elements yields 
Bifi(x,E,n,t) = Qij + Yi (2.28) 

where the mixed differential and integral pperator, Bi, is given by 

Bi = a*grad + Qi +di - i ; 

Qij = C 4. dRfoEmax dEB~ij(E,->E, fJ’-> a) fi(x,e,fZ,t); 

j 

and 

d, = [d-l 
1 TiCpi ’ 

(2.29) 

(2.30) 

(2.3 1) 

Bi is the Boltzmann operator for particles of type i; 

Yi is the number of particles of type i introduced by a source per unit area, time, energy, 
and solid angle; 

Gi is the absorption cross section for particles of type i. To be dimensionally correct, this is 
actually the macroscooiC cross section or linear absorption coefficient /A = NCJ as defined in 
Chapter 1, Eq. (1.8) ; 

di is the decay probability ‘per unit fight path of radioactive particles (such as muons or 
pions) of type i; 

Si is the stopping power for charged particles of type i (assumed to be zero for unchar4ged 
particles); 

Qij is the “scattering-down” integral, the production rate of particles of type i with a 
direction Q an energy E at a location x, by collisions with nuclei or decay of j-type 
particles having a direction R’ at a higher energy Eg; 

Oij is the doubly-differential inclusive cross section for the production of type-i particles 
with energy E and a direction R from nuclear collisions or decay of type-j particles with a 
direction Eg and a direction R’; 

pi is the velocity of a particle of type i divided by the speed of light c ; 

and Ti is the mean life of a radioactive particle of type i in the rest frame. 

This equation is quite difficult to solve in general and special techniques have been devised to yield 
useful results. The Monte-Carlo method is the most common application to the field of radiation 
shielding. 
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The Monte Carlo method-eeneral nrinciples 

The Monte Carlo method is based on the use of random sampling to obtain the solution of the 
Boltzmann equation. It is one of the most useful methods for evaluating radiation hazards for 
realistic geometries which are generally quite complicated to model using analytic techniques. The 
calculation proceeds by constructing a series of trajectories, each segment of which is chosen at 
random from a distribution of applicable processes. 

In the simplest and most widely used form of the Monte Carlo technique, a history is obtained by 
calculating travel distances between collisions, then sampling from distributions in energy and 
angle made up from the cross sections 

Oij (EB + E, Q’ + Q>. (2.32) 

The result of the interaction may be a number of particles of varying types, energies, and direcl:ions 
each of which will be followed in turn. The results of many histories will be processed, leading, 
typically, to some sort of mean and standard deviation. 

If p(x)dx is the probability of an occurrence at x + i dx in the interval [a,b], then 

P(x) = 
I 

ax PWPX (2.33) 

is the probability that the event will occur in the interval [a, x], and is monotonically increasing, 
satisfying P(a) = 0, P(b) = 1. If a random number R is chosen, uniform on the interval [0, I] from 
a computer routine, the equation 

R = P(x) (2.34) 

amounts to a random choice of the value of x, where the distribution function for the event P(x) 
can be inverted, as 

x = P-l(R) (2.35) 

As a simple illustration, to determine when an uncharged particle undergoes a reaction in a one 
dimensional system with no decays (d = 0) or competing processes (S = 0), we note from Eq. 
(1.6) and Eq (2.29) that the particle satisfies 

R *grad + bi $I 
> 

which in this simple situation reduces to the following (in view of the comment made above 
concerning the nature of Oi), which is a continuity equation equivalent to Eq. (1.8): 

B$ = d@/dx + No@ = 0. (2.36) 
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The solution to this equation is the familiar 

0) = &)expG~), (2.37) 

where h = l/No as in Chapter 1. One can replace x/h as r, the number of mean-free-paths the 
particle travels in the medium. The differential probability per unit mean-free-path for an 
interaction is given by 

p(r) = e-’ (2.38) 

witi P(r) = 
I 

‘dr’ emi = -em” ’ = l-e-’ =R 
0 0 

(2.39) 

Selecting a random number, R, then determines a depth r which has the proper physical 
distribution. By taking intd account charged-particle slowing down during passage along r, the 
correct energy-dependent cross section can be chosen. Of course, quite analogous methods a.pply 
to other exponential processes such as radioactive decay. In this simple case, it is clear that one 
can solve the above for r as a function of R and thus obtain individual values of r from random. 
numbers. For some process, the inversion that is so simple in the above might not be possible 
analytically. In those situations, other techniques exemplified by successive approximation and 
“table look-ups” must be employed. 

The next sampling process might select which of several physical processes would occur. Another 
sampling might choose, for instance, the scattering angle which would then provide a new eneigy. 

The Monte Carlo result is the number of times the event of interest occurred for the random steps 
through the relevant processes. As a counting process it has a counting uncertainty and the 
variance will tend to decrease as the square root of the run time. Thus high probability processes 
can be more accurately estimated -ffian low probability processes such as passage through an 
effective shield in which the radiation levels are attenuated over many orders of magnitude. 

It is by no means clear that the distributions obtained using the Monte Carlo method will be 
normally distributed, so that a statistical test of the adequacy of the mean and standard deviation 
may be required. 
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Monte-Carlo.Examole: A Sinusoidal AIIQ&U Distribution of Bern Partick 

Suppose one has a distribution of beam particle particles such as exhibited in the following 
figure. 

I Distribution of 
Beam Particles in 

I (radians) 

Say p(e) = A cos 8 for 0 < 8 < x/2. Then, the fact that the integral of p(e) over the 
relevant interval must be unity implies: 

I 

“72 

I 
“/ p(e)de =l; 

I 

Y2 
A cos 8 de = 1 * o 

0 0 
Acosede =Asinep =A = 1. 

Then, p(e) = cos 8. The cumulative probability, P(e), is given by: 

e 8 
P(e) = I de’ p(el) = 

0 s 0 
de’ cos 8’ = sin e$@ = sin 8. 

If R is a random number, then R = P(e) determines a unique value of 8; hence: 

8 = sin-l(R) 

One can perform a simple Monte Carlo using, for example, 50 random numbers. To do 
this one should set up at table such as that given below. One can set up a set of bins of 
succesive ranges of e-values. The second column is a “tally sheet” for collecting “events” 
in which a random number R results in a value of 8 within the associated range of 8- 
values. emid is the midpoint of the bin (0.1, 0.3,...). Column 4 is the normalized number 
in radians found from: 

N= Number Found in Bin in MC 

(Total Number of MC) (bin width) 

= Number Found in Bin in MC 

( N 
50 0.2 radians 

1 
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One can calculate exactly the mean value of 8 for the exact distribution: 

0 
I 

rr/2 Id2 
e 0) de 8 c0se de 

e= O_ I 0 Id2 = 

I 

1 
= [ c0se +e sine 1 

o p(e) de 
0 

() [ 
8 = o-i+?-0 =?j-1=0.57 1 

Multiplying the frequency of Monk-Carlo events for each eight angular bins from the table 
by the midpoint value of the bins, summing over the 8 bins and then dividing by the 
number of incident particles (50 in this example), one can determine the average value of 8, 
< 8 > calculated by the Monte-Carlo technique: 

<t3>cdc = [(l l)(O.l) + (13)(0.3) + (1 l)(OS) + (4)(0.7) + (7)(0.9) + (4)( 1.1)]/50 = 0.48. 

It is easy to see from this simple example that the agreement is quite good in spite of the 
rather poor “statistics”. This example also illustrates that the statistical errors are generally 
larger for the more ra events here represented by large values of 8 (e.g., 8 > 1 radian). 
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Problems 

1. In the discussion of the longitudinal development of electromagnetic showers, there are two 

different formulations (Rossi-Griesen and Bathow, and Van Ginneken). Using Van 

Ginneken’s scaling method, calculate the value of h, (g/cm2) for E. = loo0 MeV, 10 

GeV, and 100 GeV for copper and lead. Determine the number of radiation lengths to 

which &, corresponds for each material at each energy. 

2. Compare the results of Van Ginneken for the location of the longitudinal shower maximum 

with Bathow’s result for copper and lead at the three energies given in problem 1. Is tb.e 

agreement better or worse as the energy increases? 

3. A hypothetical electron accelerator operates at either 100 MeV or 10 GeV and delivers a. 

beam current of 1 @. Using the results of (S&O) calculate the dose equivelent rates in 

both Sv/sec and rem/h at the end of a 300 cm long aluminum beam stop; averaged over a 15 

cm radius. (The beam stop is a cylinder much larger than 15 cm in radius.) Then assume 

that, in order to save space, a high-Z beam stop is substituted. How long of a high-Z beam 

stop is needed to achieve the same dose rates? (Assume lead is a suitable high-Z material.) 

Why is the length of high-Z shield different for the 2 energies? [In this problem, assumi: 

the results of (Sc90) are valid for energies as low as 0.1 GeV.] 

4. In the accelerator and beam stop of problem 3, if the radius of the beam stop is 30 cm, what 

is the maximum dose equibalent rate (Sv/s and rem/h) on the lateral surface (at contact at r = 

30 cm) of the beam stop for both energies, 100 MeV and 10 GeV, and both materials? 

Again assume approximate validity at 100 MeV of the (S&O) results. 

5. Calculate the dose equivalent rate outside a 1 meter thick concrete shield surrounding a 

radius tunnel (inner radius 1 meter) in which is located a copper target stuck by 1 PA I-ccurn 

of 100 GeV electrons. The geometry should be assumed to be optimized for producing 

giant resonance photoneutrons and the calculations should be performed at 0 = 30,60 ,lnd 

900 (Concrete has p = 2.5 g/cmJ). Express the result as Sv/sec and rem/h. 

6. This problem gives two elementary examples of Monte Carlo techniques that are almost 

“trivial”. In this problem, obtaining random numbers from a standard table or from a !xnd 

calculator should be helpful. 
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Problems 

b) 

First, use a random number table or random number function on a calculator along with the 

facts given about the cumulative probability distribution for exponential attenuation to 

demonstrate that, even for a sample size as small as, say, 15, the mean value of paths 

traveled is “within expectations” if random numbers are used to select those path lengths 

from the cumulative distribution. Do this, for example, by calculating the mean and 

standard deviation of your distribution. 

An incident beam is subjected to a position measurement in the coordinate x. It is desirable 

to “recreate” incident beam particles for a shielding study using Monte-Carlo. The x 

distribution as measured is as follows: 

Determine, crudely, p(x), P(x) and then use 50 random numbers to “create” particles 

intended to represent this distribution. Then compare with the original one which w-as 

measured in terms of the average value of X and its standard deviation. Do II_QT take the 

time to use interpolated values of x, simply round off to integer values of x for this 

demonstration. 
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